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Abstract
Cochlear implants, amongst other neural prostheses, utilise platinum electrodes as an in-
terface between the synthetic circuitry of the implant and the biological tissue environment.
If excessive electrical charge is injected via these electrodes, injury to the tissue may result.
Two distinct damage mechanisms have been identified by studies of stimulation safety:
a physiologically-mediated “mass-action” process, and the generation of toxic chemical
species from electrochemical reactions at the electrode surface. The occurrence of either
of these processes is detrimental to the longevity and stability of a neural prosthesis such as
the cochlear implant. Empirically derived stimulation limits have been defined to prevent
tissue damage, however the contributions of the identified injurious mechanisms in a range
of neural prostheses are still unclear. Evidence suggests that the non-uniform distribution
of charge on electrode geometries influences dissolution processes and the electrochemi-
cal generation of toxic by-products. However, in vivo and in vitro techniques are limited
in their ability to systematically explore the factors and mechanisms that contribute to
stimulation-induced tissue injury.
To this end, an in silico approach was used to develop a time-domain model of cochlear
implant stimulation electrodes. A constant phase angle impedance was used to model
the reversible processes on the electrode surface, and Butler-Volmer reaction kinetics were
used to define the behaviour of irreversible electrochemical reactions, which were fitted to
the hydrolysis reactions governing the “water window”. The resulting model provided time-
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domain responses of the spatial current density distributions, and irreversibility measures
by calculating the net charge and current consumed by the hydrolysis reactions. This
model of electrochemical safety was then used to perform systematic evaluations of various
electrode geometries and stimulation parameters.
The modelling results showed that the current associated with irreversible faradaic reactions
was non-uniform and tended towards the periphery of the electrode geometry. In the half-
band electrodes commonly used in cochlear implants, the currents were concentrated
at the vertices and straight edges of the electrode. A comparison of dierent electrode
geometries revealed the interactions between electrode size and shape, and the eect of
reducing the distribution non-uniformity by recessing the electrode surface. Investigations
of environmental factors, such as stimulation mode, electrode position and electrolyte
conductivity, found that the shape of the electric field surrounding the electrode impacts the
extent of irreversible reactions occurring at electrode-electrolyte interface. This emphasised
the influence of the physiological environment on the electrochemical safety of stimulation
electrodes. Additionally, in vitro experiments were also conducted to validate the findings
of the modelling study. The implications of the modelling results described in this thesis
can be used to inform the design of safer and more ecacious stimulation electrodes.
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Chapter 1
Introduction
The nervous system is an essential part of the human body, as it is responsible for the
electrical signalling that drives vital voluntary and involuntary functions. However, unlike
many other tissues in the body capable of healing and regeneration, the turnover of neural
tissue is slow and/or non-existent. Once neural tissue has been significantly damaged,
there is little possibility of regeneration to its original state without external intervention.
Neural prostheses have been developed as interventional devices with the aim of restoring
regular nervous system programming. One of the most successful neural prostheses is the
cochlear implant (CI), which utilises electrical stimulation to restore hearing to individuals
with sensori-neural hearing loss (SHL).
The prevalence of deafness in the population and the eectiveness of the electrical stimu-
lation in the restoration to hearing are contributing factors to the overall success of the CI.
Statistics from the United States Food and Drug Administration estimate approximately
219.000 cochlear implants have been received worldwide [4], however more recent esti-
mates have placed this number at 324 200. Deafness, defined as the partial or full loss of
hearing, is one of the most common traits worldwide. The National Institute on Deafness
and Other Communicative Disorders reports that 17 % of US population experiences some
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degree of deafness. Deafness correlates strongly with age, as 47 % of adults over the age of
75 in the US suer from hearing loss [5].
In SHL, the outer and middle ear structures may be still intact and functional, but instead,
either the hair cells or nerve fibres are degenerated, and this does not allow transduction to
take place. The causes for sensorineural hearing loss include infections (bacterial and viral),
genetic disorders, ototoxic drugs, mechanical trauma, immune disorders [6], metastasised
cancers, ageing and disorders of the circulatory system [7]. While the prevalence and
underlying causes of each aetiology varies, some suggest that the SHL is primarily due to
the loss of hair cells, compared to the degeneration of peripheral cochlear nerve fibres [8].
Histopathological studies, however, show severe degradation of both structures in some
cases [9]. Of all the known aetiologies of profound SHL, age related and noise-induced
hearing loss are the most common [10].
Thus, CIs have become an important interventional treatment and the progressive tech-
nological advancements in this field have been clinically shown to independently improve
open-set speech recognition without visual cues [11]. CI stimulation does not provide a
full restoration of hearing, but instead provides auditory cues for speech and sound recog-
nition. This assumes that the nerve fibres are still intact and physiologically available for
stimulation, which aects the selection criteria for cochlear implant surgery. Traditional
indications for cochlear implants include [8]:
• Profound bilateral SHL (>90-dB);
• Not treated eectively with hearing aids; and
• Adults with developed speech and language (postlingually deaf) [12].
Additionally, CIs have been shown to benefit those with residual hearing and therefore
not profoundly deaf, and in children who have do not have fully developed speech [11–14].
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Therefore, once implanted, CIs should be designed to last for an extended period of the
recipient’s lifespan.
1.1 Motivation
Given the proximity of CI electrodes to the target excitable tissue in the inner ear, the
assurance of safe electrical stimulation is paramount. The safe delivery of stimulation is
crucial in determining the ecacy of CI and the longevity of the implant in the body. At this
time, most neural prostheses including CIs, are engineered within a common paradigm: the
delivery of targeted stimulation via metallic electrodes to the excitable neural tissue. The
metallic electrodes constitute the interface between the synthetic circuitry of the prosthesis
and the biological environment, in which the target of the stimulation resides. This type of
neural interface has led to the development of highly successful prostheses such as the CI.
Other applications utilising this technology include visual prostheses for the restoration
of sight, deep brain stimulation for the treatment of neurological movement disorders,
spinal cord stimulation for the treatment of chronic neuropathic pain, and peripheral
nerve stimulation for functional electrical stimulation of motor activity. It is clear that for
the time being, the use of such interfaces will still be developed due to their well-studied
properties and successful applications.
The environment in which CI electrodes are implanted is not conducive to permanent
implantation. Should excessive stimulation be delivered by the implant, the occurrence of
electrochemical reactions may negatively aect the electrode and/or harm the surrounding
tissues [15]. Both these results are undesirable, and modern neural stimulation systems
avoid these by reducing the charge injected by the electrodes to below a pre-determined
safety limit. The applicability of these safety limits to CI stimulation and other neural
prostheses often involves in vivo animal models of stimulation-induced damage following
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chronic electrical stimulation. Information about the contributing factors to any induced
tissue injury is often limited and dicult to obtain from such studies, due to issues with
invasiveness and the conflation of other physiological parameters.
Evidence exists to suggest that electrode corrosion may occur near the edges of the electrode
surface [16]. Uneven corrosion across the stimulating surface of an electrode points to
a non-uniform surface current density distribution, however the contribution of these
electrochemical eects at neural stimulating electrodes to the injury of tissue is still unclear.
In silico modelling provides an alternative route of investigation with the ability to analyse
current densities at the electrode level and provide an insight into occurrence of potentially
harmful electrochemical reactions. These insights may inform future electrode designs to
provide safer and more ecacious stimulation.
Most of the existing models of stimulation electrodes have used resistive models to de-
termine current density distributions. Time-dependent eects are often ignored, and no
attempts have been made to link the charge density distributions to specific electrochemical
reactions occurring at discrete points on electrode surface. Since these eects are likely to
influence the safety of an electrode, a well-developed in silico model of these electrochemi-
cal behaviours would be of great benefit to the existing understanding of the stimulation
safety.
1.2 Aims
Therefore, this thesis was driven by the need to investigate the contributions of electro-
chemical eects to the safety of stimulation delivered by CI electrodes.
The primary aim of this thesis was to develop a time-dependent model capable of predicting
the current density distributions and the extent and spatial distribution of electrochemi-
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cal reactions occurring on the electrode surface based on the calculated potential. The
accuracy of the magnitude and the distribution of these modelled reactions was crucial
in providing useful information regarding the safety of stimulation delivered by the elec-
trode.
This model could then be used to investigate the factors that aect the current density
distributions of the electrode, including electrode geometry and parameters of the sur-
rounding environment. The results of these studies could be used to develop measures of
stimulation safety based on the predicted electrochemical reactions.
1.3 Thesis structure
A brief description of the remaining chapters of this thesis is provided below.
Chapter 2 reviews the literature pertinent to the safety of CI stimulation.
Chapter 3 reviews the existing attempts and methods used to model the current distribu-
tions on stimulation electrodes.
Chapter 4 describes the preliminary electrode model and a study of the resulting electrode
surface current density distributions.
Chapter 5 describes an improved “water window” model based on the model described in
Chapter 4 and evaluates the eect of electrode geometries on the electrochemical responses
of the electrode.
Chapter 6 utilises the “water window” model to evaluate the eect of environmental factors
that determine the shape of the surrounding electric field on the electrochemical responses
of the electrode.
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Chapter 7 describes a brief suite of in vitro studies conducted to validate the findings of
the model in Chapter 6.
Chapter 8 provides concluding remarks for this thesis, including limitations and avenues
for future work.
1.4 Publications
The following publications were produced during the course of this thesis.
Peer-reviewed journal articles
• P. Tran,A. Sue, P. Wong, Q. Li, and P. M. Carter, “Development of HEATHER for
Cochlear Implant Stimulation Using a New Modeling Workflow,” IEEE Transactions
on Biomedical Engineering, vol. 62, no. 99, pp. 728–735, 2014.
• P. Wong, S. George, P. Tran, A. Sue, P. M. Carter, and Q. Li, “Development and
Validation of a High-Fidelity Finite-Element Model of Monopolar Stimulation in the
Implanted Guinea Pig Cochlea.,” IEEE Transactions on Biomedical Engineering, vol. 63,
no. 1, pp. 188–198, Jan. 2016.
Peer-reviewed full length papers in conference proceedings
• A. Sue, P. Tran, P. Wong, Q. Li, and P. M. Carter, “Time-domain finite element
models of electrochemistry in intracochlear electrodes,” presented at the 2013 35th
Annual International Conference of the IEEE Engineering in Medicine and Biology Society
(EMBC), 2013, pp. 1554–1557.
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• P. Tran, P. Wong, A. Sue, Q. Li, and P. M. Carter, “Influence of blood vessel
conductivity in cochlear implant stimulation using a finite element head model,”
presented at the 2013 35th Annual International Conference of the IEEE Engineering in
Medicine and Biology Society (EMBC), pp. 5291–5294, 2013.
• A. Sue, P. Wong, P. Tran, Q. Li, and P. M. Carter, “Modeling the eects of electrode
recessing on electrochemical safety in cochlear implant electrodes,” presented at the
2015 7th International IEEE/EMBS Conference on Neural Engineering (NER), 2015, pp.
490–493.
Peer-reviewed conference abstracts (posters)
• A. Sue, P. Wong, P. Tran, Q. Li, and P. M. Carter, “Modelling the Electrochemistry
of Platinum Intracochlear Stimulation Electrodes,” presented at the 3rd International
Conference on Medical Bionics, Phillip Island, VIC, Australia, 17–20 November 2013.
• P. Wong, A. Sue, P. Tran, Q. Li, and P. Carter, “Eect of Petrous Bone Resistivities
on Volume Conduction in the Cochlea,” presented at the 3rd International Conference
on Medical Bionics, Phillip Island, VIC, Australia, 17–20 November 2013.
• P. Wong, P. Tran, A. Sue, Q. Li, and P. Carter, “Sensitivity of Cochlear Volume
Conduction Models to Boundary Conditions,” presented at the 2013 Conference on
Implantable Auditory Prostheses, Lake Tahoe, CA, USA, 14–19 July 2013.
• P. Tran, P. Wong, A. Sue, Q. Li, and P. Carter, “Determining the Boundary Condi-
tions for Cochlear Implant Models,” presented at the 2013 Conference on Implantable
Auditory Prostheses, Lake Tahoe, CA, USA, 14–19 July 2013.
• A. Sue, P. Tran, P. Wong, Q. Li, and P. M. Carter, “Investigations of irreversible
charge transfer from cochlear implant electrodes: in-vitro and in-silico approaches,”
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presented at the 2015 Conference on Implantable Auditory Prostheses, Lake Tahoe, CA,
USA, 12–17 July 2015.
• P. Wong, A. Sue, P. Tran, C. Inguva, Q. Li, and P. Carter, “Time-Domain
Simulation of Volume Conduction in the Guinea Pig Cochlea,” submitted to 2015
Conference on Implantable Auditory Prostheses, Lake Tahoe, CA, USA, 12–17 July 2015.
• P. Tran, P. Wong, A. Sue, Q. Li, and P. Carter, “A Multi-Scale Model of Cochlear
Implant Stimulation,” presented at the 2015 Conference on Implantable Auditory Pros-
theses, Lake Tahoe, CA, USA, 12–17 July 2015.
Miscellaneous presentations
• A. Sue, “Simulation-Based Safety Models of Cochlear Implant Electrodes,” presented
at Cochlear Ltd. Design and Development Meeting, 6 June 2014.
• A. Sue, “ElectrochemicalModelling of Intracochlear Electrodes,” presented atCochlear
Ltd. International R&D Symposium, 29 July 2012.
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Chapter 2
A review of stimulation safety in cochlear
implants
As improvements to the cochlear implant (CI) are sought to increase their clinical perfor-
mance, it is important to ensure that any new paradigms of stimulation fall within the
envelope of safe stimulation. The definitions of safe stimulation, however, stem from a
broad base of foundational studies that have also been applied to a range of other neural
stimulation applications. While the findings of the early research have been instrumental
in the development of the boundaries of intracochlear stimulation, further improvements
to the techniques used to prescribe these limits are required to keep up with contemporary
neural prostheses and their applications.
This chapter aims to:
• Briefly describe the anatomy of the ear, and the biological environment surrounding
the CI electrode array;
• Discuss the development of electrodes developed for CIs and other neural prostheses;
• Identify the parameters of stimulation aecting the safety of stimulation;
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• Review fundamental safety principles and their applicability in supporting the safety
of CI stimulation; and
• Discuss the eect of the electrochemistry at stimulating electrodes on the safety of
stimulation.
2.1 Cochlear implant stimulation
CIs are neural prostheses that attempt to restore the sense of hearing to individuals with
severe sensorineural hearing loss (SHL). This is accomplished by delivering electrical
stimuli to peripheral nerve fibres in the ear. The electrical stimuli should be delivered in
a manner that provides the necessary cues for speech recognition and other audiological
outcomes, but prevents detrimental changes to the physiological function of the ear. If the
latter requirement is not fulfilled, the stability and longevity of an implanted CI will be
compromised. The existing approaches used in CI stimulation to fulfil these aims will be
discussed in this section.
2.1.1 Biological environment
Since CIs are designed to be implanted within the ear, the tissues within the biological
environment surrounding the implant may be prone to injury. While the anatomy and
physiology of the ear is not the focus of this thesis, it is necessary to consider the sur-
roundings of a CI electrode array, and the dierences to the environments encountered by
neural prostheses of other applications. The organisation and composition of the biological
environment of the CI may also aect the overall safety of stimulation.
The ear is a highly specialised organ which has the primary purpose of transducing sound
to produce the sensation of hearing. Hence, the various parts of the ear are often classified
10
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Figure 2.1: Cross-section of the ear showing outer, middle and inner components. Sourced
from [7].
according to their roles in the transduction chain. Three regions of the ear can be identified
as shown in Figure 2.1: the outer, middle, and inner ear. The functions of the outer and
middle ear are primarily related to the amplification and transmission of sound to the inner
ear. The outer ear includes the external pinna, external auditory meatus, and the tympanic
membrane. The middle ear consists of an air gap, which contains the three ossicles, which
are used to transmit and amplify vibrations captured by the tympanic membrane to the
fluids of the inner ear via the oval window. The inner ear is located within the temporal
bone, and consists of auditory and vestibular components. The structure of the inner ear
is partitioned into two concentric fluid-filled labyrinths. The outer compartment, bounded
by the temporal bone, is known as the “bony” labyrinth, which encapsulates an inner
“membranous” labyrinth. These labyrinths are continuous through both auditory and
vestibular components of the inner ear.
The auditory component of the inner ear is known as the cochlea or basila papilla. Physically,
the cochlea has a helical shape, and exhibits both the bony and membranous labyrinths
internally, forming three main fluid compartments: the scala media, scala tympani, and
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scala vestibuli. The scala tympani and scala vestibuli are part of the bony labyrinth, and
are continuous at the apical end of the cochlea helix. The scala media is classified as an
extension of the membranous labyrinth, as it is segregated from the other chambers by the
basilar and Reissner’s membranes. The bony and membranous labyrinths contain fluids
of dierent compositions—in the cochlea, the scala tympani and scala vestibuli contain
perilymph, and the scala media contains endolymph.
Occupying the internal space of the scala media and lying on the basilar membrane is the
organ of Corti, which is a collection of specialised inner and outer hair cells, supporting
cells, and cochlear nerve fibres. It plays a critical role in sound transduction by detecting
the relative movement of the basilar membrane in response to pressure variations in the
perilymph. In sensorineural hearing loss (SHL), the organ of Corti may be compromised by
dysfunctional hair cells. As a result of decreased or absent hair cell activation, the aerent
cochlear nerve fibres are subject to atrophy and recede towards the bipolar cell bodies
in the spiral ganglion. Thus the main target for CI stimulation in the typical recipient is
the spiral ganglion, which is located within Rosenthal’s canal, encased by the bone of the
modiolus.
The cochlea also performs a critical processing function as a spectral analyser. This is
intrinsic to the structure of the basilar membrane and is tied to the sound transduction
mechanism in the organ of Corti. At the base of the cochlea, the basilar membrane is
relatively sti and becomes less so as it travels apically along the cochlea spiral. Therefore,
the basilar membrane will resonate at dierent frequencies at dierent locations in the
cochlea. The “tonotopic” representation of sound is relayed at all levels of the auditory
pathway to the cortex, and is responsible for the perception of sounds of varying pitch,
i.e. pitch discrimination. This justifies the use of multi-channel, and thus, multi-electrode
intracochlear arrays to fulfil speech recognition outcomes.
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Table 2.1: Ionic compositions (in mM) of the scala tympani, scala vestibuli, cerebrospinal fluid
(CSF), and phosphate-buffered saline (PBS).
Ionic Perilymph Perilymph CSF PBS
species (Scala tympani) (Scala vestibuli)
Na+ 147.3 140.6 149 153
K+ 3.4 6.4 3.1 4.17
Cl– 128.8 129.6 129 142.5
Ca2+ 0.64 0.68 1.2 0.9
Sourced from [17,19, 20].
CI electrode arrays are inserted into the scala tympani to stimulate the target tissue,
making the composition and properties of the surrounding perilymph an important factor in
defining the behaviour of implanted CI electrodes. The research performed on the cochlear
fluids spans several decades, and the compositions of both the perilymph and endolymph
in the cochlea have been well-established in mammalian animal models. Perilymph has a
similar composition to the cerebrospinal fluid (CSF), however evidence suggests that CSF is
distinct from perilymph, despite the presence of the cochlear aqueduct connecting the scala
tympani to the subarachnoid space [17, 18]. Instead, the ionic composition of perilymph
is likely regulated by local ion transport mechanisms within the cochlea [17]. Perilymph
composition is not completely uniform in the bony labyrinth, as notable dierences in the
concentrations of Na+ and K+ have been detected in the scala tympani and scala vestibuli
[17, 19]. Despite these relatively minor irregularities, commonly used “isotonic” saline
solutions such as phosphate-buered saline (PBS) make for a decent ionic representation
of perilymph, as in Table 2.1.
In addition to ionic species, proteins are also found in perilymph, which are absent in
most normal saline solutions. The presence of proteins has been found to adhere to the
surface of implanted electrodes, and alter their electrochemical properties. Importantly,
the adhesion of proteins may prevent the dissolution of metallic electrode materials into the
surrounding environment [21–25]. The total protein content of perilymph has been found
13
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to vary between the scala vestibuli (234 to 242mgdl−1) and the scala tympani (178 to
213mgdl−1). Overall, the protein concentration of perilymph is higher than in CSF (24 to
38mgdl−1) [19,26]. Individual amino acid concentrations have also been reported, however
these are inconsistent and may be a result of the diculties obtaining aspirated samples of
the perilymph [23]. The dissolution of platinum stimulation electrodes is discussed further
in § 2.3.3.
2.1.2 The intracochlear electrode array
The implantable components of CIs share similarities in their construction and operation,
which defines the state-of-the-art in CI technology. Implant bodies have a magnetic induc-
tion coil, stimulator circuitry within a titanium case, and at least one monopolar return
electrode. The magnetic coil enables the implant to receive power and stimulation instruc-
tions resulting from the sound processing performed in the external unit. Attached to the
implant body is an intracochlear electrode array, and in some cases, a separate monopolar
electrode. The stimulator produces the required electrical stimulation and delivers them
into the cochlea via the intracochlear electrode array.
As discussed, modern intracochlear arrays take advantage of the cochlea’s tonotopic or-
ganisation by utilising multiple electrodes to enable an appreciable sense of pitch. The
electrode contacts of all commercially available arrays are manufactured from platinum or
platinum alloys, and are supported by an electrically insulating “carrier”, made of medical
grade silicone. The biocompatibility and stability of platinum in corrosive environments,
which will be discussed further in § 2.3, has led to its common use as an electrode material
in neural prostheses. Platinum-iridium alloy in a 90:10 ratio is used most frequently due to
the additional mechanical stiness provided by the iridium, as the integrity of the electrode
may be compromised by buckling or other forms of mechanical failure during surgical
insertion. Purely iridium electrodes have been investigated for use in neural interfacing
14
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applications, but have yet to be introduced in CIs, as excessive stiness can cause damage
to the delicate structures within the cochlea.
The size of electrode arrays in CIs and neural prostheses dier according to their appli-
cation and the characteristics of their stimulation environment. Prior to the development
of CIs, many of the pre-existing neural stimulation devices were designed for stimulation
of the cortex and peripheral nerves. The geometric surface area of the electrodes used in
these applications were much larger than in CI electrodes—a comparison of the areas of
these neural stimulating electrodes is provided in Table 2.2. The dierences in size are
often justified by the spatial selectivity requirements of the applied stimulation. For exam-
ple, the area of the electrode contacts in a typical deep brain stimulation (DBS) electrode
array are approximately 6mm2, which is sucient for the stimulation of the sub-thalamic
nucleus as a whole. In contrast, CI electrode contacts are less than 1mm2 due to the
importance of spatial resolution in recruiting the tonotopically organised spiral ganglion
cells.
Apart from electrode size, the shape of the array and its individual contacts is also highly
dependent on the application and stimulation environment. Array geometry is most often
determined by its physical compatibility. Cylindrical arrays are utilised in DBS due to
obvious space limitations deep in the cortex. In cases where the electrodes interface with
superficially located neural tissue, such as in surface cortical and retinal stimulation, planar
geometries have been used. Cu electrodes used in peripheral nerve stimulation may also
be considered as an extension of planar electrodes, as the proximity of the targeted fibres
to the electrode surface is similar [27, 28]. Alternatively, penetrating electrode arrays have
been developed to stimulate specific neurons at intermediate depths, usually within the
cortex [29]. A notable example is the Utah microelectrode array, which was originally
developed for stimulation of the cortex [30–32]. This particular array has small active
electrode contact areas limited to the platinum-coated conical tips, essentially providing
15
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Figure 2.2: Lineages of the original CI research centres and their commercialisation. Major initial
research centres are italicised, and present-day CI manufacturers are in bold. Adapted from [44].
a point source of electrical current. In contrast to planar and cu electrodes, penetrating
arrays are well-suited for applications requiring high spatial selectivity. Several versions of
this electrode have been adapted for use in peripheral nerves, including the auditory nerve
[33, 34]. Penetrating arrays with “shank” geometries have also been tested for stimulation
in the auditory nerve, however an understanding of the frequency mapping within the
nerve is still required [35, 36].
The aforementioned neural stimulation electrodes are immediately adjacent to the targeted
neural tissue, which is generally homogeneously distributed around the electrode. In
contrast, CI electrodes are implanted in the scala tympani, and the targeted spiral ganglion
cells are located at some distance from the array surrounded by modiolar bone, as described
in § 2.1.1. Consequently, most CI arrays are cylindrical with conformal electrode contacts
matching the tubular shape of the scala tympani. The orientation of the spiral ganglion
cells with respect to the array has resulted in the specialised shape and placement of
the electrode contacts, which is evident in many commercially available and research
arrays.
17
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The implants developed by the major research centres in Melbourne, Vienna, and San
Francisco were commercialised and evolved into today’s CI manufacturers, as shown in
Figure 2.2, however there were also a number of implants used primarily for research and not
commercialised to the same extent. The complete history of CI research and development
has been made available in several book chapters and reviews [35, 45–49], however it is
in the interest of this thesis to focus on the major approaches pursued by researchers
and manufacturers in the engineering of scala tympani electrodes. The remainder of this
section details the electrodes used by the some of the major CI research groups, including
those at Stanford, Utah, Vienna, San Francisco, and Melbourne.
Stanford
Research into cochlear stimulation at Stanford was initially focused on providing direct
stimulation of the auditory nerves in the modiolus using platinum wires, and subsequently,
rigid silicon and sapphire-based thin-film arrays [50]. Later eorts were focused on the
development of a polyimide-based flexible scala tympani array (Figure 2.3a), but man-
ufactured using the same thin-film photolithographic techniques [35, 37, 50, 51]. It was
hoped that the use of photolithography in the production of electrodes would accelerate
improvements in CI outcomes due to the increased precision aorded by this manufac-
turing technique. Like most thin-film electrodes, the carrier cross-section was rectangular,
tapered from 1mm at the basal end, and featured eight planar platinum electrode contacts
facing the modiolus. The nominal electrode area for each of the contacts was 0.06mm2
(Table 2.2). Development of this array did not progress further due to issues in fabrication,
as cited by Spelman [35].
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Utah and Ineraid
Numerous patients were implanted with an experimental CI system developed by Edding-
ton at the University of Utah [52–54]. The scala tympani array of this CI system consisted
of six platinum ball electrodes connected to Teflon-coated platinum wires (Figure 2.3b). No
supporting carrier was used. An extracochlear ball electrode was placed in the temporalis
muscle and used as a ground for monopolar stimulation with the intracochlear electrodes.
The intracochlear balls used in some of the early electrode arrays were 1mm in diameter,
making the electrode area approximately 3.14mm2 [52]. Later ball electrodes had reduced
diameters of 0.5mm, resulting in an electrode area of approximately 0.79mm2 [53]. This
system was distributed as an investigational device by Symbion, and then, Smith and
Nephew, as the Utah Ineraid CI. The device never progressed beyond this stage, and was
subsequently purchased by Cochlear Ltd. The monopolar ball electrode in the Ineraid
device was later incorporated into the Cochlear Ltd. CI24M device.
Vienna and MED-EL
Research at the Technical University of Vienna was spearheaded by Hochmair-Desoyer
and Hochmair, who developed a multi-electrode scala tympani array [55]. The carrier was
made from silicone with a circular cross-section, and tapered from basal (0.8mm diameter)
to apical (approximately 0.45mm diameter). Embedded platinum-iridium (90:10) balls
protruded slightly from the silicone carrier resulting in a hemispherical-like electrode
surface (Figure 2.3c). The exposed area of each contact was estimated to be 0.06mm2,
although the smoothness of the contact was aected by the fabrication method and resulted
in significantly larger “real” surface areas up to 0.3mm2 [39]. Two versions of the array
are described in the literature; one with eight contacts [55], and another with sixteen
contacts [39]. The electrode contacts were paired together for bipolar stimulation (described
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in further detail in § 2.1.3). The contacts of each pair were oset along the length of the
array and were situated on opposite sides of the carrier. This type of electrode arrangement
resulted in “radial” current flow in the scala tympani, which had been hoped to improve
the eectiveness of the stimulation.
The CI developments in Vienna were eventually commercialised and became one of the
major CI manufacturers today: MED-EL. Further changes to these electrode arrays oc-
curred under MED-EL. The shape of the electrode contacts changed significantly, from
protruding hemispheres to disc shaped contacts either flush, or slightly recessed from the
carrier cross-section. The areas of the electrode contacts also increased to approximately
0.14mm2 [41]. Bipolar pairing of the contacts on opposite sides of the carrier was retained
on most of the MED-EL arrays, although omitted in the apical regions in the FLEX series
of arrays. The oset of the electrode contact pairs was removed, and monopolar stimulation
using a remote return electrode (described in further detail in § 2.1.3) was added. MED-EL
arrays now have a maximum of 24 electrodes (12 pairs), as introduced with the COMBI
40+ implant.
UCSF, Storz, and Advanced Bionics
The first electrodes developed at the University of California San Francisco (UCSF) for the
stimulation of the auditory nerve were gold wires implanted at the base of the scala [56].
Building upon this initial research, a multi-electrode scala tympani array was developed [38].
This array was tapered from base (1mm) to apex (0.6mm) with a cylindrical cross-section,
and consisted of a silicone carrier with 16 platinum-iridium (90:10) electrode contacts. The
electrodes were described as “mushroom-shaped”, resulting in disc-like electrode contacts
(Figure 2.3d). Based on the dimensions of the dies used for forming the electrodes, the
estimated surface area was 0.1mm2. Similar to the Hochmair electrode arrays, each contact
was paired for bipolar stimulation, however electrode pairs were arranged orthogonally on
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the array [49], instead of a parallel arrangement in other CIs. This would mean that one
contact faced the modiolar wall, and the other faced the Organ of Corti, inducing radial
current flow that would excite the aerent spiral ganglion fibres [38].
The UCSF CI technology was licensed to Storz, and then Minimed, which created another
a major CI manufacturer, Advanced Bionics. Both companies produced implants that
utilised electrode arrays that were similar to the one described above, including the original
Advanced Bionics Clarion CI. An “enhanced bipolar” configuration evolved from the
original Clarion design, which implemented a longitudinal oset between the contacts of
each pair, as in the original Hochmair array. The HiFocus series of arrays introduced larger
planar rectangular electrode contacts, with electrode areas of approximately 0.2mm2 [57],
and eliminated the bipolar pairing.
Melbourne, Nucleus, and Cochlear
CI electrode arrays produced by Clark et al. at the University of Melbourne are well-
documented in the available literature [40, 58]. Electrode arrays developed for both feline
and human studies shared some characteristics, however the number of electrode contacts
varied by application. All these electrode arrays had cylindrical silicone carriers with
cylindrical (banded) platinum contacts (Figure 2.3e). The carrier diameter was a constant
0.63mm and the electrode bands were 0.3mm wide [40], resulting in an exposed electrode
area of 0.59mm2—larger than many of the electrodes produced by other research groups
at the time. Arrays manufactured for animal studies featured three electrode bands, or
less [59]. Electrode arrays implanted in human subjects featured 20 electrode bands evenly
spaced along the carrier and were used with either bipolar or common ground stimulation
modes [60]. The currents induced with these stimulation modes and banded electrodes
were “longitudinal” in nature, as opposed to radial.
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The CI developed at the University of Melbourne was commercialised with the help of
Nucleus Ltd., from which the current CI market leader, Cochlear Ltd., emerged [45]. The
first Cochlear electrode array increased the number of electrode contacts to 22, and intro-
duced a tapered silicone carrier, from a 0.6mm basal diameter to 0.4mm apical diameter,
reducing electrode contact area to a minimum of 0.4mm2 [61]. Monopolar stimulation
modes were also added by the incorporation of extracochlear electrodes. Further itera-
tions to the design resulted in changes to the electrode contact shape—hemicylindrical
“half-bands” are used on the latest Cochlear arrays to induce more focused currents in the
direction of the spiral ganglion fibres (Figure 2.3f). The area of the half-band electrode
contacts on the Contour Advance array range from 0.286 to 0.306mm2 [41].
2.1.3 Stimulation protocols
The eectiveness and safety of CIs and other neural prostheses is not only determined
by stimulation hardware such as electrode arrays, but also by the “stimulation protocol”
used. Stimulation protocols generally describe how the electrical stimulus is controlled and
presented to the biological environment. This includes information regarding stimulation
waveform shape, magnitude, duration, and electrode usage (also known as stimulation
mode). Most neural prostheses share similarities in their protocols as established by
fundamental studies on the electrical stimulation of excitable neural tissue. However, as
shown in the earlier sections, the CI is a relatively unique neural prosthesis, and brings
with it specific stimulation protocol requirements, especially with regards to stimulation
mode.
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FIGURE 4. Schematic drawing of polyimide-metal-polyimide scala tympani elec- 
trode. 
give a summary description here. A drawing of our thin-film flexible elec- 
trode is given in FIGURE 4. A key element is the use of a liquid polymer, a 
polyimide, which cures in two stages. After the first cure, the material is 
solid, but chemically active enough to be susceptible to chemical etching; the 
appropriate “windows” can be cut in the structure at this stage. After the 
second stage of curing, the polymer becomes inert biocompatible Kapton@. 
There still remains the problem of obtaining a good bond between the noble 
metals, platinurn or iridium, and the cured polymer. This problem has bcen 
attacked, and, we believe, solved, by the use of a thin intermediate layer of 
tantalum or titanium. The surface of the polymer substrate is activated by a 
hydroxide pretreatment and neutralization followed by a plasma etch and 
surface activation. A few hundred angstroms of tantalum or titanium are 
then deposited. (Our first successful bonding used tantalum, but we have 
found titanium to yield even better adhesion characteristics.) Next, platinum 
is deposited, either by sputtering or by electron beam evaporation. Once 
the platinum has been patterned using photomask and back-sputtering tech- 
niques, the upper layer of the polymer-metal-polymer sandwich is spun on, 
and subjected to the first stage of the curing technique. The appropriate 
access holes are then cut through the upper polymers. FIGURE 5 shows a 
photomicrograph of one of the stimulation sites. Note that a tab of polymer 
centered in the stimulation pad helps to provide mechanical containment of 
the stimulation site. The polymer is then given its final cure to produce the 
inert final compound. F~GURE 6 shows a thin-film scala tympani electrode 
before lead attachment. 
The stimulation and lead attachment pads are thickened through the 
electrodeposition of platinum on the stimulation site to increase electrode 
lifetime against electrolysis and on the lead attachment end to provide 
increased bonding metal. The electrodeposition of platinum on platinum has 
proven to be a nontrivial procedure, presumably because of the thin layer 
of platinum oxide formed on the base platinum layer during its exposure to 
( ) Sta ford thin-fil array [37]. (b) Ineraid array [52].
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Fig. 4. Eight channel scala tympani electrode containing 16 Pt-Ir con-
6 tacts arranged in two rows.
, 1mm I
Fig. 2. Cross section of human cochlea: 1) modiolus, 2) spiral ganglion,
3) scala vestibuli, 4) organ of Corti, 5) basilar membrane, 6) bony
spiral lamina, and 7) scala tympani. Placement of electrode in scala
tympani has been added. Excitable nerve structures are situated in 2)
and 6), in severely degenerated cochleas in 2) only.
Fig. 3. Scala tympani electrode compared to cast ofbasal turn ofhuman
scala tympani.
length which is slightly smaller than the smallest diameter ob-
served at the corresponding length in human scala tympanies
(Fig. 2).
If the electrode were not round it would tend to twist and
destroy the basilar partition during insertion following the cur-
vature of the cochlea. Therefore, a straight scala tympani elec-
trode has to be of circular cross section. An electrode of the
above geometry containing 16 1 mil Pt-Jr wires is still too flex-
ible to be inserted far enough into the cochlea. Therefore, we
add a guide wire in the center of the electrode which ensures
adequate mechanical stability of the electrode.
The electrode can only be inserted without damage if the
Fig. 5. Tip of scala tympani electrode. The most advanced electrode
contact ball also serves guidance ur ses during inserti n.
guide wire used tends to keep the curvature that is given to it
during insertion while following the bends, i.e., if the guide wire
und rgoes plastic deformation as opposed o elastic deforma-
tion. Otherwise, structures in the scala tympani would easily
get insulted as the tip scrapes along the outer wall and the fol-
lowing parts of the electrode press against the inner border.
We have tried a number of different guide wire materials
and found that annealed stainless steel is best suited. This
electrode does not have to be straightened during implantation
as a scala tympani mold has to.
The contact-areas are arranged in two rows on opposite sides
of the electrode body. This was done for the following reasons:
in order to reliably reach excitable nerve structures situated
within the bony spiral lamina and in the spiral ganglion (Fig. 2)
the stimulating electric field to our opinion should have an
azimuthal component. This component also guarantees that
nerve structures can be excited at acceptable threshold values
even in case the electrode twists during insertion.
To simultaneously stimulate a sufficient number of nerve fi-
bers, even in case severe degeneration has occurred, some com-
ponent of the electric field along the axis of the electrode is
also required.
In the current design the distance between the two contact
balls belonging to the same electrode channel is 1.5 mm, the
distance between two neighboring contacts of different chan-
nels amounts to 0.5 mm. Thus, when inserted for 22 mm the
eight channels cover the region corresponding to center fre-
quencies from about 1000 to approximately 8000 Hz differing
by 35 percent from each other.
(c) Hochmair (Vienna) array [39]. (d) UCSF array [38].
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FIG. 1
A photograph of the cochlear implant electrode array which has been bent to show its flexibility.
Magnification x l 3 .
were improved by filling it with medical grade silastic. Further studies in
which the dimensions of the array are varied are in progress. This should
enable an array of this type to be passed further along the cochlea. An
illustration of the electrode passing through the round window and around
the basal to middle turns can be seen in Fig. 2.
The electrode has been designed so that ten channels of electrical
stimulation can be produced, as this has been suggested as the minimum
number required for satisfactory speech comprehension, and is compatible
with the receiver-stimulator unit designed in the Departments of Otolaryn-
FIG. 2
A diagram showing the electrode array placed through the round window and around the turns
of the cochlea.
(e) Melbourne band d array [60].
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to be placed near the basilar membrane and 24 on the 
opposite side of the device. The purpose is to achieve cur-
rent fl ow in the radial direction of the cochlea.  The con-
tacts ar  stamped from platinum, attached to wires, and 
then the silicone substrate is injection molded to produce 
a spiral shape. Insertion tests in a  crylic model of the 
human cochlea produced forces appropriate for human 
use. The device has not been implanted in human su -
jects at the time of this writing. 
 Clark and Cochlear Corporation 
 Clark et al. [1975] reported o  an elect ode array that 
they introduced into human temporal bones from an 
opening drilled into the apex of the cochlea. 
 Th y described a more practical device in gr ater d -
tail later, introducing t e conce t of a wire bundle array 
with cylindrical electrode contacts [Clark et al., 1983]. 
This novel array had the advantage that it did not requ re 
rotation to face the electrodes toward the modiolar wall 
of the cochlea. However, it had the disadvantage that cur-
rent exits the electrodes in all radial directions. The elec-
trodes were made of Pt-Ir rings that had widths of 0.3 mm 
and separations of 0.45 mm. The original design used a 
silicone tube with a uniform diameter of 0.64 mm. The 
arrays that have been adopted and which are manufac-
tured by Cochlear Corporat on ar  tapered along their 
lengths. 
 Cochlear’s present array, the Contour Advance TM  Ar-
ray, has 22 electrode contacts that are inserted into the 
scala tympani via th b al turn ( fi g. 2 ).  The present r-
ray can be inserted to a depth of more than 20 mm. It 
apposes the modiolar wall by means of a premanufac-
tured shape ( fi g. 2 ; www.cochlearamericas.com/Prod-
cts/23.asp). To resist folding of the shaped array, it is 
inserted with a tool that straightens it during the surgery. 
The present array has rectangular rather than cylindrical 
electrode sites. Cylindrical sites are not required for 
 radial symmetry because the spiral shape of the array 
places the contacts near the modiolar wall of the cochlea. 
Reducing the surface area of the electrode sites helps to 
concentrate the electric fi elds where they are needed to 
excite neurons. This array is manufactured by han . 
 Materials Used 
 Substrates 
 Cochlear electrode arrays have used silicone rubber 
(di ethylsiloxanes) carriers, Pt-Ir electrode contacts, and 
Pt-Ir wires that are insulated with fl uoropolymers. The 
contacts have been made of Pt for its durability and safe-
ty under the conditions of long-term pulsatile stimulation 
and Ir for its strength [Spelman, 1982]. Silicone rubber is 
used for its low toxicity, durability during long-term ex-
posure to aqueous salt solutions and mechanical fl exibil-
ity [Colas and Curtis, 2004]. 
 Electrode Contacts 
 More recently, researchers have investigated the ox-
ides of iridium as electrode contacts [Cogan et al., 2003a, 
b]. Iridium oxide electrodes were suggested earlier [Rob-
blee and Rose, 1990]; no commercial arrays employ them 
at present, although the material is under active investi-
gation by several groups. The oxides of iridium have 
 Fig. 2. The Contour Advance TM  electrode array of Cochlear Cor-
poration.  a The electrode array with a stilette inserted to straighten 
the device. The stilette can be seen at the left side of the fi gure. The 
active contacts are to the right of the rings that are visible in the 
center of the fi gure. The contacts to the left of the rings are for re-
turn current and are outside of the scala tympani.  b Close-up image 
of the array with the stilette removed. The SofTip ®  is visible at
the center of the spiral.  The 22 active contacts are clearly seen in 
the fi gure. These images are courtesy of Cochlear Americas, Inc., 
C. van den Honert. 
(f) Contour Advance array [35].
Figure 2.3: Various CI electrode arrays illustrating the differences in array and electrode contact
geom tries.
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(b) An example of a constant current, biphasic, charge-balanced, cathodic first
rectangular pulsatile waveform.
Figure 2.4: Stimulation waveforms generated by current sources used in neural prostheses.
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Stimulation waveforms
The stimulation waveforms delivered by CIs have been either continuous sinusoids (Figure
2.4a) or discrete pulsatile waveforms (Figure 2.4b). Sinusoidal waveforms have been utilised
by analog stimulation schemes to deliver spectral information through single channels
[62–64]. Pulsatile waveforms, however, are used in almost all neural prostheses including
CIs, as there is a greater control of the injected electrical charge over varying rates of
stimulation. Electrical charge, measured in coulombs (C), is an important quantity in
neural stimulation, because the activation thresholds and strength-duration relationships
of neural elements established by neurophysiologists are in terms of electrical current
in amperes (A), and therefore, electrical charge [65, 66]. Most pulsatile waveforms are
interspersed with periods of non-stimulation, such as the interframe gap (IFG) and the
interphase interval (IPI) defined in Figure 2.4b, decoupling the pulse rate from the phase
width1 and charge, thereby allowing a greater flexibility of stimulation [67].
The rectangular pulsatile waveforms are generated by either constant current or constant
voltage sources. Constant voltage sources produce variable levels of current subject to
changes in impedance, as governed by Ohm’s Law. In contrast, constant current sources
generate the required levels of voltage to produce a consistent current, regardless of the
impedance, as long as the stimulator maintains voltage compliance. Once again, an
emphasis is placed on the importance of the control of injected charge. The variability
of the impedances at the interface between the electrode and the biological environment
warrants the use of constant current sources in neural prostheses [67], especially where
the magnitude of current determines an important functional outcome of the stimulation,
which is the case in the CI. For this reason, all CIs and almost all neural prostheses employ
constant current sources. Another benefit of using constant current pulses is the ability to
1Phase width as defined in Figure 2.4b is also referred to as pulse width in the existing literature. For
biphasic pulsatile stimulation, these two quantities can be assumed to be equivalent.
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isolate the potential drop across the electrode-electrolyte interface, which is an advantage
with regards to the safety of stimulation—the structure and properties of this interface are
introduced in § 2.3.
Qphase = I × tPW (2.1)
Injected charge (Q) is calculated by determining the area under the current waveform,
i (t ), represented as the shaded areas in Figure 2.4 for constant current sources. For
rectangular pulsatile waveforms, the charge delivered per phase (Qphase) is defined in
Equation 2.1, where I is the amplitude of the current in amperes, and tPW is the phase
width in seconds. Although Qphase should be non-zero for practical stimulation, the total
sum of all charge injected (Qnet) should be zero to maintain charge balance. The concept
of charge balance originated as a safety concern from the observation of injury from
unidirectional pulsing in the cortex [68]. By balancing injected charge during stimulation,
it was hoped the net displacement of the ions and/or other potentially injurious processes
would be minimised.
Qnet =
∫
FP
i (t ) dt = 0 (2.2)
Sinusoidal waveforms are charge-balanced by definition, because charge is injected in
equal amounts in both directions, as illustrated in Figure 2.4a. In pulsatile waveforms,
biphasic pulses can be used to satisfy the charge balance condition expressed in Equation
2.2, where FP is the frame period in Figure 2.4b. Charge-balanced biphasic pulses (Figure
2.4a) consist of a leading and lagging phase of equal charge but opposing direction. The
phases are often separated by an interphase gap, during which the electrodes used for
stimulation disconnected in an open-circuit. In CIs, the polarity of the leading phase is
usually negative (cathodic), followed by an positive (anodic) lagging phase. The negative
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charge delivered in the leading phase is associated with the excitation of the target tissue,
as cathodic currents have been shown to induce neural responses more eciently [65]. The
anodic lagging phase was initially only designed for charge balance purposes, however the
eect of the interphase gap has also shown that the anodic currents have some impact on
stimulation ecacy in the cochlea [69, 70].
The introduction of biphasic pulses is attributed to Lilly et al. [71, 72], and hence, they
have been described as “Lilly-type” pulses. In his original article, Lilly suggested the net
movement of ionic charge carriers in the neural tissue was responsible for damage caused by
monophasic pulsatile waveforms and this could be remedied by using biphasic pulses [71].
A more specific “electrolytic” mechanism of damage was later identified, and the reversal
of these processes is one of the main justifications for the use of charge-balanced stimuli
today [73, 74]. The mechanisms of stimulation induced damage will be elaborated on in
§ 2.2.
Stimulation modes
To form a closed electrical circuit during stimulation, neural prostheses require at least two
electrodes—a stimulating electrode and a return electrode. For the electrochemically-inclined,
these electrodes are also known as the working electrode and the counter electrode, respectively.
The stimulating electrode is the source of the excitatory current, and is therefore situated
as close as possible to the targeted neural tissue. In the discussed conventional CIs, this
electrode is located on the intracochlear array. The current delivered by the stimulating
electrode travels through the tissue towards the return electrode, which eectively acts
as an electrical ground. For cathodic first biphasic pulses, this scenario occurs for the
leading phase, and is reversed for the charge recovering lagging phase. The configuration
of these electrodes is known as the stimulation mode, and has notable eects on the resultant
stimulation.
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Changes to the stimulation mode in CIs alter the generated electric field, which can re-
duce the current levels required to produce perceptible auditory responses (thresholds),
and increase selectivity of the spiral ganglion fibre activation. Hence, several stimulation
modes involving various electrode configurations have been implemented in CIs to im-
prove stimulation ecacy, including monopolar, bipolar, tripolar, common ground and
modes.
Monopolar (MP) stimulation mode involves the use of a return electrode located far away
from the stimulation electrode. In CIs, this is an extracochlear electrode on the implant
body, or in some implants such as the Ineraid and Cochlear Ltd. devices, a dedicated
monopolar electrode implanted in the temporalis muscle. Therefore, the current flows from
the cochlea, across multiple tissues, towards the remote return. Although this stimulation
mode may cause a greater spread of excitation within the cochlea, sensory thresholds in
CI recipients are significantly lower when compared to more confined stimulation modes
because of a greater number of recruited neurons [75, 76].
Due to the relatively large spread of activation in MP stimulation and the eect of this
on pitch discrimination, stimulation modes confined to the intracochlear electrodes have
been of interest in CI research. These electrode configurations generate spatially restrictive
electric fields within the cochlea, with the aim of inducing more localised activation of the
spiral ganglion nerve fibres and improved pitch discrimination. The first CIs, including
those developed at UCSF [38], Vienna [55], and Melbourne [60] used bipolar (BP) stimula-
tion modes. In BP mode, the electrode immediately adjacent to the stimulating electrode is
assigned as return electrode, although some configurations have specified return electrodes
that are located further along the array. Tripolar (TP) mode is similar to BP mode, except
the two electrodes surrounding the stimulating electrode assigned as returns, producing
a more even current distribution from the stimulating electrode. Resulting improvements
to pitch discrimination using these modes have fallen below expectations when compared
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to MP mode, due to irregularity of excitable fibres within implanted cochleae [77]. Hence,
the lower-threshold MP mode is still preferred over BP and TP modes in practice. To
overcome this problem, researchers have aimed to increase control of the current distribu-
tion within the cochlea using new stimulation modes. One method is to utilise all or most
of the electrodes on the intracochlear array to generate the necessary current flow. This
is reminiscent of the common ground (CG) mode used in early CI research [78], which
involved shorting all non-stimulating electrodes on the intracochlear array to form the
return path, however the generated current distributions were highly dependent on the
properties of the surrounding environment [76]. More contemporary research improved on
this strategy by adding the ability to specify the current at each of stimulating and return
electrodes, forming virtual channels (Vchan) [79], or creating optimised current distribu-
tions based on impedance measurements (“phased-array”) [80]. Although improvements
in the field distributions have been confirmed using computational models, any resulting
speech perception advantages in practice are still unclear [81].
2.2 Stimulation-induced tissue damage
Improvements to electrode geometries and stimulation protocol in CIs are driven by an
improved understanding of the auditory system responses to intracochlear stimulation.
These developments may improve the ecacy of CIs, however any eect on the safety of
the delivered stimulation should also be considered. Excessive charge injection from all
neural prostheses has the potential to cause injury to the targeted neural tissue and the
surrounding biological environment, necessitating the establishment of safety limits on the
delivered stimulation. Eective stimulation protocols must induce the necessary neural
responses by injecting charge above sensory thresholds, and stay below unsafe levels that
can cause stimulation-induced tissue damage [72].
29
CHAPTER 2. A REVIEW OF STIMULATION SAFETY
The form of safety limits varies according to the source from which they are derived. Ini-
tially, many safety studies were concerned with the production of harmful chemical species
from electrodes during stimulation, particularly the electrolysis of water. These studies
and associated mechanisms are discussed in further detail in § 2.3. In vivo stimulation
studies in animal models provided further insight into injurious mechanisms arising from
charge injection, and have been important in establishing the safety limits governing con-
temporary neural prostheses, however, these safety limits may be influenced by parameters
specific to the stimulation applied in each experiment. As discussed in § 2.1 for CI stimula-
tion, parameters such as the biological environment, electrode geometry, and stimulation
protocol dier according to the neural prosthesis. Thus, the applicability of these limits
and their implications to other forms of neural stimulation requires justification.
2.2.1 Parameters of stimulation-induced tissue damage
Due to the influence of the foundational stimulation safety research, it is in the interest
of this review to discuss the findings of these studies and evaluate their relevance to CIs.
A substantial amount of such works was conducted at the Huntington Medical Research
Institute (HMRI) supported by Neural Prosthesis Program/Neural Interfaces Program of the
National Institute of Neurological Disorders and Stroke (NINDS). The main applications
of the research conducted at HMRI included cortical and peripheral nerve stimulation
with a variety of electrodes and stimulation protocols [29, 43, 82–103].
Initial research focused on the stability of the blood-brain barrier (BBB) during stimulation
using cortical surface electrodes [82–86], which was considered to be representative of
neural damage in the cortex [104]. These experiments were performed with disc and
spherical platinum electrodes implanted on the surface of the feline cortex. Variations in
electrode area, phase width, charge, stimulation mode, and stimulation waveform were
investigated, however the range of these parameters was limited. Breakdown of the BBB
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during excessive stimulation by the extravasation of dye into the cortex and electrolytic gas
evolution with monophasic stimulation was readily observed. Chronic experiments found
correlations between BBB damage and charge per phase in biphasic stimulation, with a
charge limit of 0.45 µC per phase suggested by the authors. The use of smaller electrodes
at constant charge per phase in acute studies incited faster extravasation of dye, but a
correlation between charge density (charge per unit of electrode area per phase) and BBB
breakdown was not made in chronic tests [83, 84].
Damage to the BBB was found to be reversible depending on stimulation parameters
[83], warranting the use of light and electron microscopy to examine morphological and
ultrastructural changes in neurons and cortical tissues. The observed changes in response
to noxious stimulation included disruptions to myelin and axoplasm, deposition of lipids
and glycogen, formation of crystalline bodies, and the presence of phagocytic macrophages
and astrocytes, in addition to damage caused to endothelial cells of blood vessels [85, 86].
These changes suggested damage to the cortex was not a result of BBB breakdown, but more
likely to be related to current flow through the tissue [84,85]. The presence of crystalline
bodies also led to speculation of platinum dissolution as an injurious mechanism, however
later studies did not support this hypothesis [90].
Neuronal damage correlated well with charge per phase, and an improved safety limit
was devised: 0.75 µC per phase for an electrode area of approximately 1.4mm2 resulting
in a charge density of 54 µCcm−2 per phase. As with BBB breakdown, charge densities
were not correlated with neuronal damage, and this was attributed to the excessive level
of charge (3 µC per phase). This exceeded the safe levels determined in the aforemen-
tioned experiments [84,86], but were necessary to generate the variations in charge density
(50 to 300 µCcm−2 per phase) for the 1 to 6mm2 electrodes. Charge density had been
associated with electrochemical limits of electrodes [73], and the absence of a correlation
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influenced further discussions about the mechanisms of stimulation-induced damage in
later studies.
Research continued to examine the eect of charge density on neuronal damage. Yuen
et al. [87] tested an expanded range of charge densities (40 to 400 µCcm−2 per phase at
lower charge per phase (0.38 to 4.21 µC per phase) on the feline cortex. The electrodes
used in this study were 0.95mm2 (1.1mm diameter) platinum discs, causing changes to the
charge per phase when varying the charge density, and thereby making it dicult to isolate
the eect of charge density on neuronal damage. Nevertheless, the experimental results
provided a charge density limit of 40 µCcm−2 per phase. Another study utilised similar
parameters, but with charge densities as low as 20 µCcm−2 per phase using 0.92mm2
concentric disc electrodes [88, 89]. In addition to the usual histological examinations, ion
selective electrodes were used to detect changes in extracellular K+ and Ca2+. Stimulation
at 100 µCcm−2 per phase resulted in morphological changes associated with neuronal
damage [89], and at high pulse rates, abnormalities in the extracellular ionic homeostasis
and reduced excitability of neurons was detected.
Only surface cortical stimulation had been employed to determine thresholds for stimulation-
induced tissue damage. The development of smaller needle-type penetrating electrodes
at HMRI enabled the study of intracortical stimulation at low charge per phase but high
charge density. These electrodes were bevelled from a conical shape to expose a pla-
nar PtIr (70:30) surface of approximately 0.002mm2 [29], and delivered charge densities
of 100 to 3200 µCcm−2 per phase. Long-term stimulation at 800 µCcm−2 per phase pro-
duced no neuronal damage, however neuronal damage, the presence of metallic crys-
talline bodies, and long-term depression of neural excitability were observed for the maxi-
mum charge density of 3200 µCcm−2 per phase, despite being at a low charge per phase
(64 nC per phase) [91, 92]. Safety limits deduced from these experiments do not corre-
spond with the earlier observations from cortical surface stimulation, suggesting elec-
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trode geometry and stimulation environment are important parameters in determining the
mechanism of neuronal injury, and consequently, thresholds for stimulation-induced tissue
damage.
To address the conflation of charge per phase and charge density in stimulation-induced
tissue damage, McCreery et al. [96] conducted a series of experiments with more compre-
hensive range of stimulation parameters for surface cortical stimulation. Charge densities
were varied from 10 to 100 µCcm−2 per phaseindependently of charge per phase using 1
to 10mm2 platinum disc electrodes. Separate studies stimulating at both higher and lower
charge per phase utilised a larger disc electrode (50mm2), and a smaller penetrating elec-
trode (0.0065mm2), respectively. The correlation of charge density to neuronal damage
at a constant charge per phase was confirmed, leading to the recommendation of larger
electrodes to minimise the exposure of neural tissue to high injurious levels of charge den-
sity. For larger electrodes, damage occurred at low charge densities as a result of the high
charge per phase—a result supported by the earlier studies [84,86,87]. The lack of damage
observed near penetrating electrodes also agreed with those of the previous study [91],
showing much higher charge densities could be used while still operating below the dam-
age threshold. McCreery et al. concluded that charge per phase and charge density are
“synergistically” coupled parameters that determine the threshold for stimulation-induced
damage, which became an important notion in the development of safety limits for modern
neural prostheses [96].
2.2.2 Shannon’s model of safe stimulation
The foundational studies performed at HMRI by Pudenz, Agnew, McCreery and colleagues
generated discrete data points using specific stimulation parameters. The interpretation
of this data was required to develop a practical safety limit for stimulation with neural
prostheses. Such an interpretation was developed by Shannon at the House Ear Institute
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[105, 106], working primarily on the auditory brainstem implant (ABI). The stimulation
parameters of the HMRI experiments are well-aligned with the ABI, as they share similar
planar electrode geometries, and excite neural tissue directly subjacent to the electrode
surface [107–109].
Shannon’s model of safe stimulation addressed the two main parameters identified in the
earlier HMRI studies, charge per phase and charge density, and has been used extensively
for DBS [66, 110]. The model evolved from a visual representation of the in vivo results
obtained by McCreery et al. [96], as seen in Figure 2.5. Shannon graphically approximated
the damage threshold using a linear function for the logarithmic graph of charge density
against charge per phase, mathematically represented by Equation 2.3, where σQ is the
charge density, Q is the charge per phase, and k defines the vertical position of the threshold
lines drawn in Figure 2.5. Using this model, combinations of Q and σQ in the regions above
the threshold line (top-right in Figure 2.5) are considered unsafe, and safe combinations are
bounded by the threshold line and axes (bottom-left). On its introduction, the value of the
k parameter was proposed to be 1.5, which is considered to be conservative [15]. Several
reviews of the model have applied it to the results obtained from the earlier foundational
studies [84,87] and have found a more suitable k value of 1.85, which has since appeared
in numerous publications [15, 66, 110].
log(σQ ) = k − log(Q ) (2.3)
Caution is advised, however, in applying the Shannon model to other forms of neural
stimulation, including in CIs. Shannon qualified the model by discussing the importance
of the targeted neural tissue proximity to the stimulating electrode. Cortical surface stim-
ulation used by the model is near-field, and this also the case for neural prostheses in
DBS, peripheral nerve stimulation, and the ABI. An implication of the near-field scenario
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Figure 2.5: A graphical representation of the charge per phase and charge density values used in
experiments conducted by McCreery et al. [96]. Shannon’s model of safe stimulation for various
values of k are overlaid.
involves the eect of localised charge densities on the excitable tissue. For disc electrodes,
Equation 2.3 is reduced to Equation 2.4, which shows a linear relationship between the
charge per phase limit and the radius (r), and therefore perimeter (2pir ), of the electrode.
Shannon interpreted this relationship as the phenomenon of charge concentration at the
edge of the disc electrodes. Electrode geometries other than discs, such as the elliptical
contact area of penetrating electrodes used in intracortical stimulation studies, induced
dierent damage responses, and fall outside of the model [91, 92, 96]. In mid- and far-field
applications, Shannon hypothesised that the influence of injected charge density decreases
with increasing distance from the tissue, until the distance is great enough that the elec-
trode is considered a point source. The implications of stimulation at dierent length
scales are reliant on the assumption of damage by neuronal overstimulation, hence the
importance of charge density at the level of the excitable tissue. Extrapolation of this
damage mechanism outside of the modelled paradigm of cortical surface stimulation may
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not be valid, as evidenced by the dissolution of penetrating electrodes during intracortical
stimulation [91].
Q = r (pi · 10k )0.5 (2.4)
CI stimulation may be considered as a mid-field scenario, and due to the environment
immediately adjacent to the electrodes, direct application of the Shannon model would
be questionable. The electrode areas are sub 1mm2, which are smaller than most of the
planar electrodes used in the foundational studies. As a result, it should be expected that
the mechanisms and parameters of stimulation-induced tissue damage are distinct from
those discovered in the foundational studies.
2.2.3 Mechanisms of stimulation-induced tissue damage
The identification of important stimulation parameters informed the design of safe stim-
ulation protocols, as well as assisting in the elucidation of injurious mechanisms. Two
well-accepted stimulation-induced damage mechanisms have been proposed:
• the generation of toxic chemical species at the electrode by electrochemical processes;
and
• the overexcitation of neural tissue inducing damage through neuronal hyperactivity,
termed “mass-action” [95].
The neuronal damage observed in studies of cortical surface and peripheral nerve stim-
ulation is largely attributed to mass-action, instead of toxic electrochemical by-products
[43,94,99]. The exact pathways behind damage caused by overexcitation are unclear. The
initial hypothesis provided by McCreery et al. is shown in Figure 2.6, and features positive
feedback loops triggered by neuronal depolarisation. The main feature of this hypothesis
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is cytotoxic oedema caused by ionic imbalance, which corresponds well with observed
fluctuations in extracellular ionic concentrations [88]. Ionic imbalances of this magnitude
require the co-operation, or mass-action, of a large population of neurons. In addition to
the ionic imbalances caused by depolarisation, excessive activation of N-methyl-D-aspartate
(NMDA) receptors by released neurotransmitters may result in neurotoxic Ca2+ loading.
Electroporation has also been suggested as an alternative damage pathway, although the
threshold for such a process is much higher than the stimulation levels used in neural
prostheses [111–113].
Evidence supporting the mass-action hypothesis in these forms of stimulation has involved
the histological examination of damaged tissue and correlations between neural excitation
and neuronal damage. For cortical surface stimulation, McCreery et al. stimulated feline
cortex with both platinum-iridium and sintered tantalum pentoxide electrodes [94]. Sintered
tantalum pentoxide electrodes are considered capacitor electrodes as the pentoxide surface
coating prevents electrical current from partaking in reactions that can produce harmful
products [114]. Following stimulation at levels known to cause tissue injury in the feline
cortex, damage observed using both types of electrodes was not characteristically dierent,
and neurons were selectively injured while glial cells remained unharmed. Similarly, only
activated neurons in peripheral nerve stimulation were injured at excessive charge levels
[43,99,115]. Although these results support mass-action as the primary injurious mechanism
in these applications, they do not rule out the role of electrochemical by-products in
stimulation-induced damage.
Evidence for injurious mechanisms of electrochemical origins include earlier reports sup-
porting the use of biphasic stimulation [72, 83, 104], the association of phase width and
inter-phase interval periods to damage thresholds [101, 102], and the repeated finding of
crystalline bodies containing metallic oxides near the tips of penetrating electrodes used
in both the cortex and brainstem [91,106]. Small-area penetrating electrodes may be stimu-
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Figure 2.6: The “mass-action” mechanism of stimulation-induced neural damage. Adapted from
[95].
lated at high charge densities exceeding electrochemical limits for hydrolysis, however the
time-scale of stimulation studies may be too acute to detect any histological ramifications
from such processes [95]. This is further reinforced by the associations made between
pulse rate (and hence total injected charge) and neural damage [43, 88, 89]. The nature
of charge transfer across the electrode-electrolyte interface resulting in potentially toxic
chemical species is discussed in further detail in § 2.3.
Despite the experimental results implicating either toxic electrochemical by-products or
mass-action, stimulation-induced tissue damage is most likely caused by a combination of
these mechanisms. The impact of each mechanism is dependent on the specifics of the
stimulation, such as electrode geometry, tissue environment, and waveform parameters.
Such specificity reiterates the need for chronic in vivo stimulation experiments to determine
the principal injurious mechanisms and their sensitivity to stimulation parameters for
dierent neural prostheses.
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2.2.4 Safety studies for CI stimulation
The safety of stimulation with CIs has been evaluated in vivo by prominent CI groups.
Considering the stimulation parameters of CI stimulation, and comparing these with the
conditions under which foundational studies and resulting safety models were developed,
dierences in the mechanisms of stimulation-induced damage and the eect of stimulation
parameters should be expected. Hence, it is in the interest of this review to examine the
literature specific to CI stimulation safety.
Similar to the foundational studies in the cortex, most of the initial CI safety studies re-
lied on histological techniques such as light microscopy, transmission electron microscopy
(TEM), and scanning electron microscopy (SEM) to detect morphological and ultrastruc-
tural changes to the cochlear tissues [116–121]. Schindler and Merzenich [116] performed
an study at UCSF prior to the development of their multi-electrode array to address the
feasibility of CI electrode array implantation in the scala tympani. Implications from the
study regarding stimulation-induced tissue damage were limited due to the mechanical
trauma generated from insertion of the moulded array, which could not be distinguished
from injury induced specifically from charge injection. Nevertheless, this initial attempt
identified damage characteristics in cochlea, which would be later found in more controlled
studies, including disruption to the organ of Corti, perforations of the membranes within
the cochlea, neuronal degeneration, and ectopic bone formation.
Confirmation of CI stimulation-induced morphological changes was provided in a normal-
hearing guinea pig animal model using continuous sinusoidal stimulation at 1000Hz [117].
Stimulation was delivered via embedded PtIr spheres in a silicone carrier. Significant de-
struction of the organ of Corti with localised damage to hair cells and supporting cells was
found at amplitudes down to 0.4mA equating to a charge density of 70 µCcm−2 per phase,
however there was no discernible correlation between amplitude and the extent of injury.
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This damage was absent from non-stimulated controls, indicating a stimulation-induced
mechanism. More comprehensive experiments studied tissue responses to extended stim-
ulation periods [122] and a lower stimulation frequency [123]. In both cases, the dam-
age thresholds were lower, indicating the occurrence of cumulative injury processes from
chronic stimulation. The loss of spiral ganglion cells in these experiments was tied to
destruction of inner hair cells, and the occurrence of bone formation in the scala tympani
was also noted in stimulated animals [122]. Conclusions from these studies were limited
by their use of continuous sinusoidal stimulation, which was eventually abandoned for
pulsatile stimulation as described in § 2.1.3.
In addition to the use of histological techniques to detect stimulation-induced damage in
the cochlea, the measurement of neural responses at the brainstem level was introduced
to detect reductions in neural excitability resulting from chronic stimulation [118]. Walsh
and Leake [118] utilised biphasic pulsatile stimulation with the UCSF multi-electrode ar-
ray in a feline animal model for up to 800 hours. For excessive charge densities up to
200 µCcm−2 per phase, decreases in brainstem responses were accompanied by an ex-
tensive loss of hair cells, localised bone formation in the scala tympani, and localised
loss of spiral ganglion cells and fibres—observations corroborated by the sinusoidal stud-
ies [117, 122, 123]. In contrast to the sinusoidal studies, loss of hair cells was associated
with electrode implantation [120,124], but this had minimal impact on brainstem responses
during stimulation, and in practice, CI recipients are expected to have deficiencies in hair
cell populations. A safe operating range of 20 to 40 µCcm−2 per phase was established on
the condition of charge-balanced biphasic pulses. When biphasic pulses were asymmetrical,
a charge imbalances resulted in more severe damage, similar to the described excessive
charge densities. This finding would prove to be a prescient one for the development of
CI stimulation safety guidelines.
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Concurrent with the described safety evaluations at UCSF, Shepherd and colleagues were
performing similar work using the Melbourne banded array [125]. In a formative study of
the safety of this array, histopathological and brainstem responses were evaluated in twenty
cat cochleae, including non-stimulated controls and chronic continuous stimulation for up
to 2029 hours [119]. Histological examinations of the stimulated cochleae exhibited similar
characteristics to those already described, however there were dierences in the conditions
leading to bone formation. Bone formation was not considered to be stimulation-induced,
but perhaps a function of trauma to the osseous spiral lamina [121,126]. It should be noted
that bone formation in the UCSF studies was induced at high charge densities, whereas
the charge densities used by Shepherd et al. were representative of the upper operating
range of CIs (18 to 32 µCcm−2 per phase). In the absence of insertion trauma, this range
of charge densities did not induce significant reductions in spiral ganglion cell populations,
and spiral ganglion cells remained functional as indicated by brainstem responses, thereby
supporting the findings from Walsh and Leake-Jones. Further histological studies in kittens
raised the safe charge density threshold to 52 µCcm−2 per phase [127].
The above use of charge density ranges to define safety in CI stimulation did not account
for dierences in other stimulation parameters, including electrode areas, charge per phase,
and pulse rates. Importantly, the eects of charge density were not studied independently
of charge per phase and pulse rate, which were found to be rather significant damage
parameters in cortical stimulation [96]. Safe charge density ranges were able to justify
the use of stimulation parameters in practice, however these charge densities are not
sucient for the establishment of actual safety limits for CI stimulation. To account for
these deficiencies, a series of systematic studies were conducted for acute CI stimulation,
which focused the sensitivity of the electrically evoked auditory brainstem response (EABR)
to variations in these stimulation parameters [128–132]. The initial findings reported by
Tykocinski et al. [128] indicated the strong influence of the pulse rate and charge per phase
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on EABRs. Increases in the pulse rate and charge per phase significantly reduced the
amplitude of EABRs for some time post-stimulation, whereas the charge density had little
eect on EABRs. These observations were suggestive of a graded mass-action mechanism
of damage in the cochlea, however these conclusions were based on comparisons with the
foundational cortical stimulation studies. It should be noted that these reductions on neural
excitability were only induced during stimulation above clinical levels (0.34 µC per phase).
Chronic high rate stimulation up to 2750Hz at clinical levels up produced little detectable
damage or decrement in EABRs [133,134].
Unbalanced pulses result in a net flow of direct current (DC) between the stimulating
and return electrodes. It has been demonstrated in individual cases that the chronic
stimulation with unbalanced biphasic pulses resulted in more severe damage characteristics
[118, 135,136]. These include new bone formation [135], the complete destruction of the
organ of Corti and intracochlear membranes, and reductions in the population of spiral
ganglion cells [136]. Despite the use of charge-balanced biphasic pulses in the acute
study [128], elevated levels of DC were measured during stimulation, and although these
were not associated with reductions in EABR amplitude, they may still be indicative of
injurious processes.
Most stimulators used in neural prostheses are unable to provide perfectly charge-balanced
pulses—there is often a minuscule dierence in charge between phases. To prevent an
accumulation of DC developing from these imbalances, two separate countermeasures
are employed in stimulator circuits used in neural prostheses: capacitive coupling and
electrode shorting. Capacitive coupling involves the use of blocking capacitors in series
between the current source and the electrodes. The size of the capacitors required at
practical stimulation levels are large, and present challenges in the miniaturisation of the
implant circuitry [137]. Capacitively coupled stimulation has been used extensively in
many applications, including cortical, spinal cord, and CI stimulation [53,85,114,118,138].
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Electrode shorting utilises an “exhaustion” circuit to short electrodes between pulses, min-
imising the delivery of any built-up charge between the electrode contacts. This technique
was developed and widely used for cortical stimulation [139], and was adapted for CIs
in the Nucleus devices [61]. Residual amounts of DC, however, can still be detected in
electrode shorted systems [67], and neither of these techniques specifically prevent the
leakage of excess current through electrochemical reactions at the electrode-electrolyte
interface [140,141].
The stimulators used in the Melbourne studies employed the electrode shorting technique
as a charge recovery mechanism. When electrode shorting was not applied in a chronic
study, DC levels of 0.8 µA resulted for stimulation at 100Hz [135]. The introduction of 20 nC
imbalances between the phases raised DC levels to 1.9 µA, which resulted in significant
intracochlear damage. High intensity stimulation at pulse rates of up to 1000Hz, resulting
in elevated DC levels with electrode shorting enabled [128]. The relationship between
pulse rate and DC was confirmed by Huang et al. [130] in a study comparing the acute
eects of capacitively-coupled stimulation. DC measured at capacitively-coupled electrodes
was zero, while electrode shorting exhibited increasing levels of DC for increasing pulse
rates, up to 2.5 µA for a pulse rate of 1000Hz. The most influential parameter in this
study was concluded to be pulse rate, and only marginal dierences in EABRs were
found between capacitively-coupled and electrode shorted charge recovery techniques.
The measurements of DC in capacitively-coupled systems are zero by nature, but exclude
any current consumed by reactions occurring at the electrode-electrolyte interface. In
contrast, the DC values measured from electrode shorted systems represent contributions
from inherent imbalances from the current sources and electrochemical reactions. Later
in vitro experiments correlated electrochemically induced pH changes with DC and pulse
rate [142]. Thus, the dearth of sensitivity to DC (as it is measured) does not exclude the
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possibility of an electrochemical contribution to neural injury in addition to mass-action
mechanisms during CI stimulation [141].
The consideration of DC as an indicator of intracochlear damage has raised questions about
the tolerable levels of DC in the cochlea. Values reported by Walsh and Leake-Jones [118]
(0.1 µA) and Shepherd et al. [135] (1.9 µA) were only for isolated cases of unbalanced
stimulation. A limit of 0.1 µA was reinforced as an upper threshold for residual DC from
electrode shorted stimulation in both chronic and acute scenarios [127,130,134–136,142,
143]. This limit has subsequently been incorporated into regulatory requirements for CIs
and ABIs (EN 45502-2-3) [144]. The 0.1 µA value has also been quoted as a threshold for
avoiding hydrolysis in DC stimulation [139], lending weight to the theory of DC leakage
through electrochemical reactions [141, 142, 145]. It should be noted that the DC levels
found to reduce neural excitability and produce unfavourable tissue responses in the cochlea
were evoked well above clinical levels of stimulation. Even at high pulse rates, chronic
stimulation at clinical levels exhibited DC that fell below the 0.1 µA threshold [134].
While some evidence exists to suggest that DC-associated generation of electrochemical
by-products may occur in the cochlea, the role of charge per phase and pulse rate in
reducing neural excitability is well-explained by the injurious processes associated with the
mass-action mechanism [131]. Consequently, the exact contributions of both mechanisms
to stimulation-induced tissue damage in the cochlea are arguably less clear and more
complex than in the foundational research of cortical stimulation. Unlike the experiments
in cortical stimulation, there is insucient histological evidence to suggest the dominance
of one mechanism over the other, making it dicult to ascertain the eects (if any) of CI
stimulation parameters on the mode of tissue injury. In addition to stimulation-induced
mechanisms, the eect of physical trauma during array insertion has significant relevance
in the CI scenario, as damage to the internal structures of the cochlea have been shown
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to define the overall inflammatory response and result in significant reductions in the
populations of viable spiral ganglion cells.
2.3 Electrochemical properties of stimulation electrodes
Preventing by-product generation is still of interest in neural prosthesis design, despite the
implication of other stimulation-induced damage mechanisms. Avoiding these negative
eects using so-called “electrochemically prudent” stimulation [113] is a requirement for
safe stimulation in neural prostheses, even if it does not guarantee the absence of injury
to the surrounding tissues. Notable reviews by Merrill et al. [15] and Cogan [74] have
highlighted the importance of designing electrochemically prudent protocols and electrodes
to reduce the possibility of harming the biological environment and promoting the longevity
of the electrode in the body. The study of the electrochemical behaviours of stimulating
electrodes in response to stimulation parameters may also better define the contribution of
by-product generation as a damage mechanism in CIs and other neural prostheses. Thus,
a discussion of the electrochemical properties of the noble metal electrodes used in most
neural prostheses is highly pertinent to this review and also to the studies described in this
thesis.
2.3.1 Charge transfer at the electrode-electrolyte interface
The electrodes of neural prostheses provide one half of the interface between the synthetic
circuitry of the stimulator and the biological environment containing the targeted excitable
tissue. This interaction has been termed the electrode-tissue interface, which extends beyond
the immediate boundary of the electrode contact to the targeted neural tissue. The nature of
the electrode-tissue interface is highly dependent on the type of the neural prosthesis—the
dierences between interfaces of the CI and other neural prostheses have been described
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earlier in this review. On a much smaller scale, the electrode surface interacts with its
immediate surroundings, which is typically an aqueous environment. Hence, this interface
has been termed the electrode-electrolyte interface. The electrode-electrolyte interface is
not unique to neural stimulating electrodes, and detailed descriptions of the interfacial
structure and properties can be found in classical electrochemical literature and textbooks
[146–150].
The physical manifestation of the electrode-electrolyte interface is the electrochemical double
layer seen in Figure 2.7a, and is a result of the equilibrium of thermodynamic and electrical
forces when two phases meet: the solid metallic phase of the electrode, and the aqueous
liquid phase of the electrolyte. Two layers arise from the separation of charge carriers at
either side of the electrode boundary, as first theorised by Hermann von Helmholtz [151].
Electronic charge carriers accumulate on the metallic side of the boundary and a layer of
ions on electrolyte side. This electrolyte layer of ions closest to the electrode surface is
known as the Helmholtz layer, and is composed of adsorbed water molecules in aqueous
solutions. Specically adsorbed solute ions lacking hydration shells may also be bound to
the electrode surface in the Helmholtz layer. In the Helmholtz model, the assumption that
charge carriers are constrained to the electrode surface results in a constant double layer
capacitance, which is not represented well in practice [150]. The currently accepted model
of the double layer is the Gouy-Chapman-Stern (GCS) model, which includes the addition
of the diuse layer. The diuse layer accounts for the distribution of ionic charge carriers
in the electrolyte, with a decreasing concentration of solute ions with increasing distance
from the Helmholtz layer. The orientation and distribution of the ions in the diuse layer
is subject to the polarity of the charged interface. The approach distance of solute ions to
the electrode surface is classified by two planes, the Inner Helmholtz Plane (IHP) and the
Outer Helmholtz Plane (OHP). The IHP is defined by the centre of specifically adsorbed
ions in the Helmholtz layer, while the OHP is defined by the centre of closest ions in the
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diuse layer. The OHP is therefore dictated by the size of the solute ion and the hydration
shell surrounding it.
The GCS model of the electrode-electrolyte interface fits the experimental observations
of idealised electrochemical experiments. Implanted stimulating electrodes of neural pros-
theses, however, are not electrochemically ideal. Dymond [152] describes the interface
from a biomedical perspective where the electrode is subject to alteration from surface
inhomogeneities, oxide films and contaminants altering the properties of the electrode.
For CI electrodes, proteins present in the perilymph may also interact with the electrode
surface, which have been found to play significant roles in the electrochemical behaviour
of the electrode [22–24, 153, 154]. Therefore, there is a distinction between the electro-
chemical literature and the literature regarding the technical application of electrodes in
neural prostheses, commonly known as the field of neural interfaces. The study of neural
interfaces incorporates electrochemical concepts, as well as addressing issues specific to
charge injection in a biological environment.
At resting equilibrium, the equal and opposite processes occurring at the electrode-electrolyte
interface maintain an electrical equilibrium potential (Eeq) across the double layer. When
stimulation is delivered to the electrode (polarisation), a potential dierence is applied
across the stimulating/working electrode and the return/counter electrode, such that the
electrode potential (E) on the stimulating electrode is biased away from Eeq. This bias is
calculated by Equation 2.5 as the overpotential (η), and induces charge transfer across the
electrode-electrolyte interface.
η = E − Eeq (2.5)
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(a) The Gouy-Chapman-Stern double layer model. Adapted
from [150].
(b) The electrode-electrolyte interface of a neural stimulat-
ing electrode. Sourced from [152].
Figure 2.7:Comparison of the idealised electrochemical double layer described in electrochemical
literature and the electrode-electrolyte interface in a neural stimulating electrode.
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Mechanisms of charge transfer exist at the electrode-electrolyte interface because of the
disparity in charge carriers between the electrode and electrolyte phases. The charge
transfer across the electrode-electrolyte interface can be categorised into:
• Non-faradaic charge transfer, which does not involve electron transfer across the electrode-
electrolyte interface; and
• Faradaic charge transfer, which utilises electron transfer through oxidation and reduc-
tion reactions.
Non-faradaic charge transfer relies on the capacitance aorded by double layer, and is
therefore occasionally termed capacitive charge transfer. The accumulation of charge
carriers at the electrode boundary induces the rearrangement of solute ions in the diuse
layer of electrolyte resulting in an electric field distribution between the stimulating and
return electrodes. Faradaic charge transfer occurs when electrons from the electrode are
used in reactions with chemical species in the electrolyte, allowing current flow through
the double layer. The nature of these charge transfer mechanisms are subject to several
parameters, including nature of the electrode material, electrolyte composition, and the
applied overpotential.
2.3.2 Polarisation and non-faradaic charge transfer
The study of the electrode polarisation in a biomedical context emerged from research
eorts to minimise the modulation of electrical signals delivered and received through the
metallic electrodes used in biological research [155–157]. These modulations result from the
impedance imparted by interfacial charge injection mechanisms, known as the polarisation
impedance. In stimulating electrodes, the polarisation impedance increases the required
voltage output from constant current sources without contributing to the stimulation. This
additional potential drop, known as the polarisation voltage, only occurs across the double
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layer, and therefore reductions in the polarisation voltage may increase the energy eciency
of the stimulation, which was of great interest to continuous stimulators such as cardiac
pacemakers [156].
In electrochemical terms, the polarisation behaviour of electrodes lie between two theo-
retical extremes. An electrode can be ideally polarisable, meaning an overpotential can be
developed across the electrode without a net current flow from the occurrence of faradaic
processes. In contrast, an ideally nonpolarisable electrode easily passes current through
the interface via faradaic reactions with no charge storage at the double layer. These
electrode properties are best represented using equivalent circuit elements. An ideally
polarisable and ideally nonpolarisable electrode can therefore be modelled as a capacitor
and resistor, respectively. In practice, electrodes exhibit a combination of the ideal cases,
so the polarisation impedance is best modelled using equivalent resistor-capacitor (RC)
circuits. Randles [158] described an equivalent impedance circuit (Figure 2.8) consisting
of a parallel circuit with non-faradaic and faradaic arm. The non-faradaic arm is a simple
capacitor to model the double layer capacitance (Cdl), and the faradaic arm contains a
resistor (Rf) and capacitor (Cf) in series to model the faradaic transfer kinetics. This
parallel circuit is connected in series with a resistor to represent the resistance of the
bulk electrolyte (Rs). Most equivalent circuits presented in the literature follow Randles’
example; a set of parallel impedances representing interfacial charge transfer connected
in series to a bulk electrolyte resistance [1, 15, 152, 153, 159]. Some early instances of
impedance models used series RC circuits to capture the frequency dependent properties
of the interface [157,160,161].
The voltage response of an electrode to a current pulse shown in Figure 2.9 can be replicated
by the described equivalent circuits, and values of the circuit elements can be determined
[155]. The instantaneous voltage drop at the onset of the current pulse is a result of the
relatively resistive bulk electrolyte (Rs in Figure 2.8). Hence, it is commonly described
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Rf
Cdl
R
s
Cf
Figure 2.8: An equivalent circuit of the polarisation impedance and solution resistance described
by Randles [158].
as an “ohmic” potential drop. The gradual voltage buildup during the current pulse is a
result of the polarisation of the interface, and the almost linear nature of this waveform
emulates the response of a capacitor to a constant current. At larger potentials, however,
the waveform deviates further from ideally polarisable behaviour. Thus, the impedances
described by equivalent circuit models are not constant, and vary with respect to current
and frequency [152,157,162].
C = Af −m (2.6)
R = B f −m
′
(2.7)
Based on an arbitrary series RC equivalent circuit, a power law (Equations 2.6–2.7) was
used to model the observed frequency dispersion of the polarisation impedance in response
to sinusoidal input, where R is the resistance (Ω), C is the capacitance (F), f is the
frequency (Hz), and A, B , m and m′ are constants [152]. The value of the exponents can be
used to define a constant phase angle δ, also known as a loss angle, describing overall nature
of the polarisation impedance as modelled using this equivalent circuit (Equation 2.8) [163].
For example, if m = 0, the impedance behaves as a pure capacitor, and increasing values of
m introduce more resistive behaviour. Importantly, these relationships hold only when the
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Voltage vs Ag/AgCl
Current
Polarisation
voltage
Access (ohmic)
voltage
Figure 2.9: The potential transient (blue) of a platinum electrode in response to a biphasic current
pulse (grey-dashed). The instantaneous ohmic voltage drop is associated with the resistance
of the bulk solution, and the almost linear voltage incline is associated with polarisation of the
interface.
current and voltage are below a defined limit of linearity, as defined by Schwan [157,162].
Beyond this limit, the polarisation impedance was found to depend on the magnitude of
current and potential.
δ = m
pi
2
(2.8)
Rf
ZCPA
R
s
Figure 2.10: An equivalent circuit of the polarisation impedance incorporating a constant phase
angle impedance (ZCPA) shunted by a resistive DC pathway (Rf). The resistance of the DC
pathway is non-linear and governed by faradaic reaction kinetics (see § 2.3.3).
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The use of a series RC circuit to describe the polarisation impedance did not account
for the passage of direct current, which could be achieved by faradaic charge transfer.
Instead, these models broke down beyond the limit of linearity, and improved models were
developed to match the non-linear behaviour using equivalent circuits with the series RC
elements shunted in parallel by a direct current pathway, as shown in Figure 2.10 [164,
165]. Although not recognised explicitly at the time, the availability of this direct current
pathway implicated faradaic processes as a contributor to this non-linearity, especially
for stimulation electrodes operating at higher potentials than in these electrochemical
studies. By attributing a non-linear resistive impedance in the direct current pathway, the
eects of both non-faradaic and faradaic processes could be separated, and the resulting
analysis supports faradaic reactions as an origin of non-linear polarisation [166,167]. The
characteristics and relationships governing faradaic charge transfer are further discussed
in § 2.3.3.
ZCPA = K (iω)−β (2.9)
In Figure 2.10, the frequency dispersion of the non-faradaic charge transfer is described by
a constant phase angle impedance ZCPA instead of the series RC circuit. The value of this
impedance element is defined in the complex frequency domain by Equation 2.9, where K
(Ω s−β) and β are constants, i is
√−1, and ω is the angular frequency 2pi f (rad s−1). The
exponent β is 1−m where m is the exponent in Equation 2.8, and therefore operates in the
opposite manner to m in defining the overall “leakiness” of the non-faradaic processes. The
empirically determined values of β for platinum electrodes typically fall between 0.8 and
0.92 [2, 153, 166–170]. Much debate over the physical processes responsible for constant
phase behaviour has taken place [169–176]. As ideal capacitive charge injection would
53
CHAPTER 2. A REVIEW OF STIMULATION SAFETY
result in β = 1, the relatively small departures from such behaviour exhibited by platinum
electrodes have been attributed to pseudocapacitance [1, 15, 167,177].
Roughness factor =
Areal
Ageom
(2.10)
Pseudocapacitive processes at the electrode-electrolyte interface may be considered faradaic
by definition, as they involve the transfer of electrons by the reduction or oxidation of
chemical species. The products of these reactions, however, are typically adsorbed onto
the electrode surface in the Helmholtz layer, thus contributing to the capacitance of the
interface [15]. The conductance provided by the reaction pathway introduces the loss
tangent, which results in the description of the overall system by ZCPA. Many studies
have indicated that the roughness of the electrode surface is the cause of the observed
dispersive behaviour by using circuit ladder networks and fractal geometries to model
diuse layer ionic diusion [171, 172, 174]. This is because dispersive properties can
result from slow processes like diusion, and non-uniformity of diusion to and from a
porous or fractal-like electrode reduces the eective area of the electrode, lowering the net
capacitance. Others have suggested more complex interactions at the double layer, which
could involve the topography and crystallography of the electrode surface [168,169,175,176].
The polycrystalline nature of electrodes is known to aect the properties of the double
layer [149], and Pajkossy [176] has highlighted the “surface energy inhomogeneity” of
polycrystalline electrodes, which is a factor in the specific adsorption of ions onto the
electrode surface. Electrodes of increasing roughness can be expected to have greater
surface inhomogeneities, and the promotion of specific adsorption could facilitate the
pseudocapacitive reactions described above. It should be noted that the roughness factor
(Equation 2.10, where Areal is the real electrode surface area and Ageom is the geometrical
electrode surface area) used in these studies varies, especially with porous and fractal
electrodes. It is likely that the mechanisms behind the dispersive behaviour of highly
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porous electrodes diers from that of the smoother platinum electrodes used in CIs and
other neural prostheses (roughness factor of approximately 1.4 [178]).
2.3.3 Faradaic charge transfer
Faradaic charge transfer is of particular interest in stimulation safety as the products of the
faradaic reactions may have harmful eects on the biological environment and the electrode.
A series of fundamental investigations of electrochemical safety in neural stimulating
electrodes were performed by researchers at EIC Laboratories, MA, supported by the
Neural Prosthesis Program/Neural Interfaces Program of NINDS [21,67, 73, 90, 178–189].
Most of the previous studies had focused on the impedance models discussed in § 2.3.2,
and not the issue of electrochemical safety. In a seminal paper, Brummer and Turner [73]
identified faradaic reactions at platinum stimulating electrodes in physiological saline,
including those with the potential to cause injury to tissue. These reactions are listed in
Table 2.3, and can be classified as either reversible or irreversible.
For implanted electrodes, platinum oxide formation (and reduction), and hydrogen adsorp-
tion (and desorption) are considered reversible faradaic reactions [73]. Anodic polarisation
drives the formation of platinum oxide on the electrode surface, which will be available to
partake in the reduction reaction when the electrode is polarised cathodically. Similarly,
hydrogen adsorption (or “plating”) involves the specific adsorption of hydrogen to the plat-
inum electrode surface during cathodic polarisation, which enables it to be reversed during
anodic polarisation. Therefore, the reversible faradaic processes rely on the adherence of
the reaction products to the electrode surface, and contributes to pseudocapacitive charge
storage of the electrode [15].
Conversely, irreversible faradaic reactions, such as the gas evolution reactions in Table 2.3,
generate products that readily diuse away from the double layer. Therefore, the charge
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Table 2.3: Possible faradaic reactions for implanted platinum electrodes at potentials experienced
during pulsatile stimulation. Adapted from [73,182].
Reaction Redox equation
Reversible
Oxide formation/reductiona PtO + 2H+ + 2 e– −−−→←−−− Pt + H2O
PtO + 2H2O −−−→ Pt + 2OH–
Hydrogen adsorption/desorption Pt + H+ + e– −−−→←−−− Pt–H
Pt + H2O + e– −−−→←−−− Pt–H + OH–
Irreversible
Hydrogen gas evolution 2H2O + 2 e– −−−→ H2 ↑ + 2OH–
Oxygen gas evolutionb 2H2O −−−→ O2 ↑ + 4H+ + 4 e–
Oxygen reductionc O2 + 2H2O + 4 e– −−−→ 4OH–
Platinum dissolutiond Pt + 4Cl– −−−→ [PtCl4]2– + 2 e–
PtO + H2O −−−→ PtO2 + 2H+ + 2 e–
PtO2 + 4H+ −−−→ Pt4+ + 2H2O
Chlorine gas evolution 2Cl– −−−→ Cl2 ↑ + 2 e–
Glucose oxidation C6H12O6 + 6H2O −−−→ 6CO2 + 24H+ + 24 e–
a Oxide formation and reduction reactions may depend on the localised pH at the electrode
surface. If sucient H+ ions are released during oxide formation, the reverse may be possible,
even in neutral electrolytes [190]. Otherwise, reduction via the alternative reaction may occur. A
similar mechanism can occur with hydrogen adsorption.
b The reverse of this reaction is oxygen (O2) reduction, which can occur at platinum electrodes
if the concentration of dissolved O2 is high enough near the electrode surface. O2 evolution is
considered irreversible due to the diusion of O2 away from the electrode surface.
c O2 reduction as written in this table is the net reaction for a multi-step process, which includes
the production and reduction of a hydrogen peroxide H2O2 intermediate. There are two electron
transfer steps, each involving two electrons [191].
d In addition to platinum dissolution via chlorides, dissolution is also possible in acidic low
oxygen environments via the formation of higher order oxides [192].
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consumed through these reactions can not be recovered by the reverse reaction, result-
ing in an asymmetry in the underlying electrochemical processes during charge-balanced
biphasic pulsing [179]. Hydrolysis, represented by oxygen and hydrogen gas evolution in
Table 2.3, is considered harmful as the formation of gas bubbles may cause mechanical
disturbances to the surrounding environment. Initial investigations of the gassing limits
suggested visually detectable gas bubbles were only produced at higher charge densities,
beyond the onset of significant gas evolution reaction activity [181]. Nevertheless, these
reactions should be avoided as the evolution of both hydrogen and oxygen gas is accompa-
nied by the production of unbalanced hydroxide and hydrogen ions, which may contribute
to localised pH changes near the electrode surface. Acidic environments can contribute
to the dissolution of platinum oxide from the electrode surface [192], in addition to the
existing platinum dissolution reaction in the presence of Cl– containing electrolyte. There-
fore, electrochemical prudent stimulation should deliver charge through non-faradaic and
reversible faradaic processes only, and seek to avoid the generation of harmful by-products
from irreversible faradaic reactions.
I f = I0
( [O](0,t )
[O]∞ exp
(
η
αanF
RT
)
− [R](0,t )[R]∞ exp
(
η
−αcnF
RT
))
(2.11)
The reversibility of a faradaic reaction, or lack thereof, can be expressed in its kinetics.
In a general case, the current (I f ) consumed by a given faradaic reaction (O + ne −−−⇀↽−− R)
can be described by the current-overpotential equation (Equation 2.11), where:
• I0 is the exchange current (A);
• [O](0,t ) and [R](0,t ) are the electrode surface concentrations of the oxidant O and
reductant R, respectively as a function of time t ;
• [O]∞ and [R]∞ are the bulk electrolyte (diuse layer) concentrations of the oxidant
O and reductant R, respectively;
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• αa and αc are the dimensionless anodic and cathodic transfer coecients, respec-
tively;
• η is the overpotential;
• n is the number of electrons in the given reaction;
• F is Faraday’s constant (96 485Cmol−1);
• R is the universal gas constant (approximately 8.314 Jmol−1K−1); and
• T is the temperature (K).
This equation assumes that the concentration of bulk solution is not significantly aected
by the concentration changes near the electrode surface due to the ongoing reaction.
The presence of the concentration terms indicates its applicability for reversible faradaic
reactions as defined above, where the kinetics are diusion limited, enabling the products
and reactants to stay in close proximity to the electrode surface. Irreversible faradaic
reactions are instead limited by the electron transfer across the double layer and reaction
kinetics, with diusion fast enough to readily carry reactants and products to the electrode
surface. In this case, the current-overpotential equation can be reduced to the Butler-Volmer
equation (Equation 2.12), which eliminates the concentration terms.
If = I0
(
exp
(
η
αanF
RT
)
− exp
(
η
−αcnF
RT
))
(2.12)
In the context of the equivalent circuit model in Figure 2.10, If defined by Equation 2.12 is
the irreversible current passed through Rf, which is expressed in Equation 2.13. The case
of the reversible faradaic reactions, an impedance is not as easily derived as it involves
the addition of a Warburg impedance with a constant phase angle of 45° to model the
diusional constraints. The implications of separating the reversible faradaic currents from
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Table 2.4: Area-normalised Butler-Volmer parameters from impedance studies conducted by
McAdams, Jossinet, and Richardot [1,166,167].
Source Electrode area i0 αa αc n
(m2) (Am−2)
[166] 8.55 × 10−8 1.497 × 10−3 0.5 0.5 2
[167] 1.00 × 10−5 6.410 × 10−4 0.5 0.5 2
[1]a 1.30 × 10−4 9.138 × 10−3 0.099 0.378 2
a Empirically derived from potentiodynamic experiments and at-
tributed to anodic platinum oxide formation and cathodic oxygen
reduction.
the constant phase impedance ZCPA is unclear, and is usually only evaluated in electrode
impedance studies [1, 170].
Rf =
η
I0
(
exp
(
η
αanF
RT
)
− exp
(
η
−αcnF
RT
))−1
(2.13)
The values of the parameters I0, αa , and αc are specific to the modelled faradaic reaction.
As I0 is a net current and subject to the electrode area, the exchange current density j0
(Am−2) is used as a generalised parameter for a specific reaction. In biomedically inclined
literature, reliable values for these parameters are scarce. Impedance studies [1, 166,167]
have provided the generalised values in Table 2.4, which were used to model non-linear
behaviour but were not related to any specific faradaic reactions with the exception of
Richardot and McAdams [1]. In this case, a potentiodynamic (voltage sweep) technique
was used to experimentally determine the current-overpotential response from which values
for the Butler-Volmer parameters could be derived. The anodic and cathodic responses were
paired with platinum oxide formation and dissolved oxygen reduction (see note a Table 2.3),
respectively. Using “pulse-clamp” techniques, Morton et al. [193] found oxygen reduction
to contribute to irreversible faradaic activity in vitro. Indeed, the reduction of dissolved
O2 to H2O may occur by several intermediary steps involving the production of hydrogen
peroxide H2O2 (see note b Table 2.3), which can contribute to the overall acidification of
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the local environment [191]. Further investigations have downplayed the contribution of
oxygen reduction to irreversible behaviour, citing the minimal in vivoO2 concentration, and
the dierence in time scales between the pulse-clamp measurements and actual biphasic
pulsing with realistic stimulation parameters [188]. Thus, at overpotentials reached during
stimulation with implanted electrodes, the suitability of the Butler-Volmer equation to
model oxygen reduction and reversible platinum oxide formation is questionable.
The lack of clarity with which irreversible processes with the propensity for tissue injury
are identified, highlights the diculties in establishing limits for electrochemically prudent
stimulation. Furthermore, in vitro electrochemical methods may not provide an accurate
representation of implanted electrodes. Generalised properties derived from these stud-
ies are limited in their utility for electrodes used in CIs and neural prostheses, which are
applied in highly specialised environments, and have markedly dierent stimulation param-
eters. For example, the frequency domain impedance models discussed in § 2.3.2 require
translation to the time domain, as most neural prostheses do not utilise sinusoidal wave-
forms, and the resulting translation is aected by the timing of biphasic pulses [194,195].
Therefore, to provide useful measures of the limits of electrochemically prudent stimulation,
studies should account for irreversible activity and parameters appropriate for implanted
electrodes.
2.3.4 Electrochemical evaluations of electrode safety
As alluded to in much of this review, the limits of electrochemically prudent stimulation
are demarcated by hydrolysis in the saline-like environments of implanted electrodes. More
specifically, hydrolysis results in the anodic evolution of oxygen gas and the cathodic evo-
lution of hydrogen gas Table 2.3. The onset of hydrolysis is commonly evaluated using
threshold potentials, establishing a potential window for stimulation called the water win-
dow. The water window spans from −0.6 to 0.8V against an silver chloride (Ag|AgCl|Cl– )
60
CHAPTER 2. A REVIEW OF STIMULATION SAFETY
reference electrode at pH 7 [74], however the limits for current controlled stimulation are
commonly expressed as charge densities, as potential limits cannot be controlled directly
and are blind to the variations in the electrode impedances and other stimulation param-
eters. The limit of charge density derived from the avoidance of irreversible hydrolysis
reactions is known as the charge injection limit in the literature.
Charge injection limits varied according to the methods by which they were derived. Early
work performed at EIC Laboratories utilised current pulses with phase widths up to 10ms
to detect transitions in the potential waveform, representing faradaic activity at platinum
stimulating electrodes [178, 181]. Using 0.1 cm2 hemispherical platinum electrodes, the
charge consumed from hydrogen adsorption was estimated at approximately 230 µCcm−2
[178], and a charge injection limit of approximately 300 µCcm−2 per phase (real area) was
determined from the detection of the gas evolution reactions. With a roughness factor
of 1.4, this equated to a charge injection limit of approximately 420 µCcm−2 per phase
with respect to Ageom of a typical smooth platinum stimulating electrode. The detection
of these reactions was only possible with the long phase widths used, however this and
the rather subjective nature of the interpretation of the potential responses, proved to be
major limitations of this work [179].
Contemporary measurements of charge injection limits (summarised in Table 2.5) are
directly inspired by the work of Robblee and Rose [67, 184], who introduced the water
window method. The potential limits of the water window are originally found from cyclic
voltammetry [67], which involves recording the current response of an electrode during
slow voltage sweeps (near 0.1V s−1) in both directions—from cathodic to anodic potentials
and vice versa. Irreversible gas evolution can be identified from the current responses, and
the potentials at which these occur can be used to define the water window. To determine
charge injection limits, charge density is increased incrementally until the polarisation
voltage (Figure 2.9) reaches the threshold for gas evolution determined by voltammetry.
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Table 2.5: Charge injection limits for platinum electrodes in physiological saline with cathodic first
charge-balanced biphasic pulses from numerous sources.
Source Ageom Geometrical charge injection limit Phase width Roughness
(mm2) (µCcm−2 per phase) (µs) factor
[181]a 10 420 ≤1 × 104 1.4
[184] 0.95 100 to 150 200 3 to 5
[67] 0.28 74 200 1.4?b
[196] 0.11 58 to 98 100 to 800 1.15
a Estimated from potential transient morphology of hemispherical electrodes instead of
water window potentials.
b Roughness factor was not specified, an approximate roughness factor of 1.4 maybe appro-
priate.
For platinum electrodes in physiological saline, Rose and Robblee found charge injection
limits in this manner for roughened and smooth platinum disc electrodes, using 0.2ms
biphasic pulses and a water window of −0.6 to 0.9V against a saturated calomel electrode
(SCE). The charge injection limits, with respect to Ageom, for slightly roughened electrodes
with roughness factors of 3 to 5 were between 100 to 150 µCcm−2 per phase [184], and
74 µCcm−2 per phase for smooth electrodes [67]. These values are significantly lower than
those determined by Brummer and Turner in their earlier work with potential transients,
and this was attributed to the decreased ability of reversible faradaic reactions to consume
charge in the more realistic stimulation regime employed by Rose and Robblee [184].
It should be noted that these charge densities approach the damage thresholds of the
initial HMRI studies involving surface electrodes (§ 2.2.1), although no direct link can be
established between them due to dierences in stimulation parameters.
For CI stimulation, phase widths are often shorter than 0.2ms, and it may be hypothesised
that this leads to the inecient use of the reversible faradaic reactions. Recent experiments
performed by Green et al. [196,197] have supported this claim, with increases in the charge
injection limit resulting from longer phase widths especially for roughened electrodes.
The total charge storage capacity of the electrodes, including the non-faradaic capacitive
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charge and charge stored in reversible faradaic reactions, is commonly measured using
cyclic voltammetry [74]. The obtained values from such experiments are much larger
than charge injection limits, mainly due to the slow scan rates employed by voltammetry
enabling full use of the reversible processes.
Several techniques have been developed to increase charge injection limits by taking advan-
tage of the unfulfilled reversible charge storage capacity of electrodes. These include the
use of highly roughened electrodes, and the introduction of anodic biasing. Roughened
electrodes have been shown to significantly reduce the polarisation impedance compared
to smooth electrodes, enabling greater levels of charge injection prior to the onset of ir-
reversible gas evolution [132, 196, 198, 199]. Anapol biasing is commonly employed with
cathodic first biphasic pulses for iridium oxide film electrodes [74,185–188,200], although
a similar technique known as Anapol stimulation has been applied previously to PtIr
electrodes [139]. This introduces an anodic baseline potential away from the equilibrium
potential between the stimulating and return electrodes allowing for a larger cathodic
potential excursion before the water window limit is reached. This stimulation regime
operates under the assumption that the anodic bias maintains a low level of current carried
by reversible processes [139].
The principle of anodic biasing is replicated in capacitively-coupled and “poorly exhausted”
electrode systems and is described in detail by Donaldson and Donaldson [140,201]. Poorly
exhausted electrodes are those employing interpulse electrode shorting, but are coupled
to a large return electrodes, which exhibit substantial charge storage. The phenomenon
is known as “ratcheting” [15], or “slideback” [140, 201], and was identified by Brummer
and Turner as a consequence of irreversible gas evolution [181]. If an irreversible faradaic
reaction such as H2 evolution develops during a leading cathodic phase, the potential of the
electrode will return to a value more anodic than the initial resting or equilibrium potential
in an eort to recover the irreversible charge. The addition of this slideback potential drives
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a higher maximum potential in the subsequent anodic phase, which increases the charge
lost to anodic irreversible reactions, but decreases the charge lost cathodically by ratcheting
of the resting potential of the electrode away from the equilibrium potential. This process
continues until the charge lost in each of the phases is equal, producing an intrinsic anodic
bias [15]. This phenomenon is considered a self-regulating mechanism of capacitively-
coupled systems to maintain zero net DC, and increase the use of reversible charge storage
on the electrode, however it does not prevent hydrolysis from occurring.
Apart from gas evolution resulting from hydrolysis, another obstacle for electrochemically
prudent stimulation is the dissolution of platinum during stimulation [21,67, 90, 180,182,
202–204]. Unlike hydrolysis, the platinum dissolution is not easily characterised in potential
transient measurements, and is therefore dicult to avoid in practice with real stimulation
pulses [67, 183]. Brummer and Turner attributed platinum dissolution to the irreversible
anodic oxidation of platinum to [PtCl4]2– (Table 2.3), which readily diuses away from the
electrode surface [180]. The peak in current associated with this process can be detected
by cyclic voltammetry at a sweep rate of 0.1V s−1 [205], however most studies utilise either
spectrophotometry or weight loss of the electrode to measure the degree of platinum
dissolution following pulsing [21, 90, 182,202].
One reason for the diculty in characterisation of the platinum dissolution process may be
a result of platinum “replating”. Although evidence supports the diusion of chloroplatinite
ions away from the electrode, in vitro studies of platinum in inorganic saline exposed the
possibility of platinum salt reduction, resulting in the deposition of roughened platinum
back onto the electrode [204]. The partial reversal of platinum dissolution is also evident
in voltammograms, and in SEM of monophasically stimulated electrodes [59], however
the eect of this in regular biphasic pulses is unclear [205]. Early spectrophotometric
and weight loss studies characterised dissolution in ngC−1, and in some cases, these
values were plotted onto dissolution maps as functions of the electrode voltage, charge
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density, and current amplitude [180, 204]. As the aforementioned platinum dissolution
reaction is an anodic process, it was expected that platinum dissolution in saline was
markedly increased in anodic first biphasic pulses [182, 202]. In cathodic first pulses,
however, platinum dissolution was still detected despite minimal anodic potential excursion
in the lagging phase. McHardy et al. [182] ascribed these findings to the anodic ratcheting
of the equilibrium potential of the electrode following irreversible reactions in the cathodic
phase, enabling larger anodic potential excursions driving dissolution reactions. This could
be a significant issue for platinum electrodes used in non-shorted capacitively-coupled
systems where the equilibrium potential is allowed to drift anodically.
Dissolution of implanted electrodes has been found to be significantly reduced when com-
pared to in vitro studies in inorganic saline [59,90, 121]. Robblee et al. [21] found marked
reduction of platinum dissolution by the presence of proteins in the electrolyte, and hy-
pothesised protein adsorption on the electrode surface inhibited oxygen reduction, which
can produce acidic peroxide intermediates [191]. While the presence of dissolved oxygen
in perilymph and other extracellular fluids may be minimal [188], the voltammetry of
platinum electrodes in the presence of various amino acids has supported the claim that
adsorption of organic molecules to the electrode surface may block irreversible faradaic
reactions. In vivo experiments found limited corrosion on platinum cortical surface [90]
and intracochlear electrodes [59] especially at low charge densities, implicitly supporting
protein adsorption as the mechanism behind such inhibition. The SEM surface examina-
tions of in vivo intracochlear electrodes exhibited only minor corrosion near weld zones
and areas of mechanical disruption to the electrode, whereas in vitro electrodes exhibited
extensive non-localised inter-granular surface pitting seen in Figure 2.11. In addition, the
in vitro electrolyte was not purged of oxygen to greater mimic the in vivo scenario, which
has been shown to reduce dissolution rates in saline [21].
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Figure 2.11: Evidence of pitting corrosion on a banded intracochlear in vitro stimulated in normal
saline at 36 µCcm−2 per phase for 500 h. Adapted from [59].
The above evidence has provided a strong argument for the long-term use of platinum
electrodes at clinical levels in neural prostheses. Substantial dierences have been shown to
exist between the in vitro and in vivo scenarios, warranting the electrochemical evaluation
of platinum electrodes under conditions similar to the implanted environment, and in the
case of CIs, this environment is highly specialised both chemically and physically. How-
ever, there is an obvious paucity of systematic studies investigating the eect of electrode
and environment parameters on in vivo electrochemical safety. For example, it has been
acknowledged that the biological environment has a significant role in the inhibition of
platinum dissolution, however corrosive processes in vivo are not completely eliminated.
Mechanical disruption on banded intracochlear electrodes was shown to amplify corro-
sive processes on the electrode, and may be interpreted as an alteration of the electrode
geometry introducing localised changes to the electrochemical safety threshold. A better
understanding of the eects of stimulating electrode geometry on irreversible processes
such as corrosion is needed, as even small rates of platinum dissolution may be detrimen-
tal to the longevity of implanted neural prostheses. With regards to the water window, in
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vivo charge injection limits were found to be significantly lower than those measured in
vitro [196,206], which is seemingly at odds with the conclusions of the platinum dissolution
studies. Once again, the interactions between these harmful processes and the parameters
of stimulation are unclear, and this justifies further research in the field of electrochemical
safety.
2.4 Summary
The discussions of the literature presented in this chapter have resulted in several key
conclusions.
• The electrode geometries and stimulation strategies of CIs are distinguished from
other neural prostheses by the unique structure and function of the cochlea to which
CIs are tailored. Diering approaches were developed to maximise the stimulation
ecacy between the various CIs.
• The foundational studies in cortical stimulation were used to establish limits of
stimulation, which are functions of numerous stimulation parameters such as charge
per phase, charge density, pulse rate, and electrode geometry. These specific limits
are not directly applicable to other neural prostheses including CIs, due to dierences
in the stimulation paradigms.
• Two well-accepted mechanisms of stimulation-induced tissue damage exist: physiolog-
ical “mass-action” and the generation of toxic chemical species by electrochemical re-
actions. The contributions of these two mechanisms to observed stimulation-induced
tissue damage is unclear, and is likely to be dependent on the electrode and stimula-
tion parameters.
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• Residual DC resulting from both biphasic charge imbalance and/or electrochemi-
cal by-product generation was implicated in stimulation-induced damage during CI
stimulation. Sensitivity to charge per phase suggested the possibility of mass-action
eects in CI stimulation. The interactions and contributions of both factors to struc-
tural and functional intracochlear injury are unclear, warranting further systematic
study.
• Many studies have focused on characterising the electrical behaviour of electrodes,
and not on the underlying electrochemical processes. Significant electrochemical
dierences between theoretical, in vitro, and in vivo studies exist. Systematic studies
of the eect of in vivo electrode parameters on electrochemical safety thresholds may
be used to decipher its contribution to stimulation-induced tissue injury.
The above conclusions illustrate the lack of clarity regarding the mechanisms of stimulation-
induced tissue damage, and the influence of electrode design parameters on the electro-
chemical safety of neural prostheses, including CIs. While previous investigations have
yielded information regarding the safe limits of stimulation in specific scenarios, a better
understanding of the relationships underlying these results has not been forthcoming. More
specifically, several studies reviewed in this chapter have called attention to the current dis-
tributions on stimulation electrodes, however these eects are yet to be examined in great
detail. This justifies further investigation into the nature of electrode current distributions,
which will be covered in the next chapter.
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Existing stimulation electrode current
distribution models
The importance of electrode geometry and the resulting current distribution has been
alluded to in the stimulation safety literature. Notably, Shannon’s model of safe stimulation
[105] was explained using the hypothesis that the safety threshold is coupled to edge
concentrations of charge on disc electrodes. The repercussions of this “edge eect” and non-
uniform electrode current distributions on potentially harmful electrochemical processes
are also evident. For example, penetrating electrodes were found to exhibit tissue damage
characteristics suggestive of electrode dissolution near the electrode apex, where the current
would be most concentrated [91]. Poorly finished electrode surfaces may result in current
concentrations similar to the edge eect, as demonstrated by the localised corrosion near
weld zones on in vivo intracochlear electrodes [59]. Apart from dissolution, charge injection
limits based on the water window were shown to be influenced by electrode area, with
smaller electrodes providing a greater capacity for charge per unit area [197]. Given the
multitude of electrode geometries used in various CIs and neural prostheses, a discussion
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of the spatial distributions of charge and current on stimulation electrodes is pertinent to
this thesis.
This chapter aims to:
• Describe existing modelling techniques used to the evaluate current distributions on
the surface of stimulation electrodes;
• Discuss the characteristics of these current distributions and their implications on
the safety of stimulation; and
• Evaluate the relevance of these models on the safety of CI stimulation.
3.1 Current distributions in neural prostheses
In neural prostheses such as CIs, spatial current distributions are typically evaluated at
the level of the excitable tissue and the surrounding environment. These larger scale
distributions govern the specificity, and in the case of CIs, spectral resolution of the stimu-
lation. As a result, there have been numerous studies investigating current distributions
throughout the cochlea, either experimentally [76,78,207–209] or using computational mod-
els [80,210–216]. For other neural prostheses, the stimulation is often considered near-field,
and the current distribution on the electrode may have a major influence on the locality
of neural activation. In these cases, in vitro measurements of the electrode surface current
distribution have been made [217, 218]. Very few CI-specific studies have evaluated the
electrode surface current distribution, as it is assumed to have minimal impact on neural
fibre recruitment given the separation of the electrode from the spiral ganglion.
Electrochemical processes, however, occur at the electrode-electrolyte interface, and there-
fore, the current distributions at the electrode surface may play a significant role in defining
the safety of the stimulation delivered via a particular electrode. Experimental measure-
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ments of the electrochemical current distributions on electrodes are possible with tech-
niques such as scanning electrochemical microscopy (SECM) [150, 219, 220] and electro-
generated chemiluminescence (ECL) [221], however these techniques have been limited to
in vitro environments, and specific electrochemical processes are required for imaging the
distribution. Thus, the study of these distributions are more commonly conducted with an-
alytical and computational models, from which the eects of electrode and electrochemical
parameters can be investigated.
The study of electrode current distributions was pioneered by researchers in the field of
“electrochemical engineering”, who have investigated and modelled the non-uniform nature
of electrodeposition processes [222, 223]. Theoretical models can be classified into three
distinct current distributions, namely primary, secondary, and tertiary current distributions.
Each of these distributions is modelled under particular electrochemical assumptions. The
accuracy and utility of these models depends on the validity of these assumptions, and the
theoretical equations used to derive them. Additionally, various analytical and numerical
methods can be used to calculate these distributions, which may introduce some further
error. The existing electrode models in this review will be discussed in the context of these
classifications.
3.2 Primary current distribution
The primary current distribution is the simplest andmost commonly modelled type of distribu-
tion. It ignores the double layer and its associated electrical impedance, instead assuming
a continuity of potentials (short-circuit) between the electrode and the electrolyte. The
primary distribution represents the scenario at the onset of the current pulse, before any
polarisation voltage develops across the double layer, and is often modelled under a steady-
state assumption. It should be noted that depending on the aim of the model, such an
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assumption can be considered a source of error, as when electrode-electrolyte impedance is
taken into account, the current distribution can not be assumed to remain constant during
a constant current pulse.
∇2Φ = 0 (3.1)
Modelling the primary current distribution requires the solution of Laplace’s equation
(Equation 3.1) for the potential Φ. This can be performed either analytically or numeri-
cally, and the choice of method is usually determined by the complexity of the geometry.
Numerical methods are more commonly used for the solution of Laplace’s equation on
complex geometries, however these methods are usually associated with some discretisa-
tion error from estimating a continuous field within a spatial domain. Analytically derived
distributions on simple geometries can be provide useful characteristics that apply gener-
ally, but become cumbersome with more realistic geometries. These characteristics include
the eect of electrode edges on the current distribution.
3.2.1 Analytical methods
Moulton [224] and Newman [225] derived formative analytical models describing the pri-
mary current distribution. Moulton utilised conformal mapping in the form of a Schwarz-
Christoel transformation to solve Laplace’s equation between two opposite 2D planar
electrodes bounding a channel. The electrodes were flush with the insulating surfaces of
the channel, which produced a singularity of infinite current density at the edges of the
electrode [224]. This edge eect was also confirmed by Newman who solved Laplace’s
equation using separation of variables for a planar disc electrode interfacing with an infinite
half-space [225]. The resulting primary current distributions are dependent only on the
geometry of the electrode system, demonstrated by Equation 3.2 for the disc electrode [226],
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Figure 3.1: The primary current distribution of a disc electrode interfaced with an infinite half-
space derived by Newman. The dotted lines indicate the direction of current, and the solid lines
are lines of equal potential. Sourced from [225].
where in/iavg is the ratio of the current density at any point to the average geometric current
density. It should be noted that in reality, the current density is unlikely to be infinite at
the edge, or perfectly smooth across the surface as defined by Equation 3.2, simply due to
the deviation of the electrode away from an ideal geometry.
in
iavg
=
0.5√
1 − r 2/r 20
(3.2)
Figure 3.1 shows the primary current distribution derived by Newman, not only at the elec-
trode surface, but within the infinite half-space, which demonstrates the eect of electrolyte
current spread from the electrode boundary in producing the edge eects. Therefore, if
the planar electrode surface is not flush with the insulating surfaces, but instead recessed
such that the electrode meets the insulation at an angle, the current density at the edge
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will become a finite value [226]. CI electrodes are also subject to these edge eects due
to current spread within the highly conductive perilymph, which is a commonly identified
characteristic of stimulation with scala tympani arrays [78]. The manufacturing techniques
of earlier CI arrays resulted in electrode surfaces which were flush with their surrounding
insulation [40, 59], however more recent techniques involve embedding the electrodes in
the carrier [41].
Apart from electrode recessing, changes to the electrode geometry have been suggested
as a means of creating a uniform current distribution. One such example is detailed by
Wiley and Webster [227, 228], who focused on preventing ectopic burns from the use of
electrosurgical electrodes, which were attributed to edge eects. Based on the analytical
solution to the primary distribution at a disc electrode, an electrode consisting of segregated
annular rings was designed. These annular rings were to be shunted by individual resistors,
varying the potential at each of the annuli to achieve a uniform distribution. The primary
current distribution of these annular electrodes is not derived, analytically or numerically,
in this set of publications, however this may be considered the precursor to studies of
segmented electrodes for stimulation in the brain [229,230].
3.2.2 Numerical methods
Numerical methods, including finite dierence method (FDM) [231] and boundary element
method (BEM) [232, 233] have been employed by numerous studies to solve Laplace’s
equation for recessed electrodes. The use of these particular numerical methods are
considered sensible because these solutions were limited to relatively simple electrode
geometries; predominantly two-dimensional planar electrodes. Finite element method
(FEM) has been used more extensively in models of complex geometries [234–240].
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Diem et al. investigated the recess depth and recess angle between the electrode and
the adjacent insulation using FDM [231]. For simple well-type recesses, where the angle
between the electrode and insulation is 90°, uniform primary distributions were found
to develop for disc electrodes recessed by at least twice their radii. Acute recess angles,
where the interior angle between the electrode surface and the insulation is less than 90°,
the edge eect was found to be reversed. While it is possible to manufacture electrodes
with large recess depths or acute recess angles, their feasibility in CIs may be limited due
to the geometric constraints of the scala tympani and the loss of eective electrode area,
respectively.
The eect of recessing on the primary distribution has also been studied in the context
of biomedical electrodes [232,233]. Rubinstein et al. [232] employed BEM to evaluate the
primary distribution at both the electrode surface and the “recess aperture”, which is in the
plane of the insulation. Interest in a uniform aperture distribution is driven by the desire to
minimise the exposure of high current densities to the surrounding tissue, avoiding mass-
action mediated injury. Unlike the electrode surface distribution, the aperture distribution
is always non-uniform regardless of recess depth, and is a corollary of the current spread
beyond aperture boundary, however the influence of these current concentrations on mass-
action mechanisms in the cochlea is less than in other neural prostheses implemented in
near-field stimulation [105]. Nonetheless, eective reductions in both non-uniformities may
be achieved by altering recess geometry and electrode profiles [218, 233, 241] for planar
disc electrodes.
Evaluations of the primary distribution in more complex scenarios have been primarily
performed with BEM and FEM, often involving non-planar, non-disc electrodes and inho-
mogeneous tissue environments [229,230,234–237,239,240,242–252]. For neural prostheses
where the excitable tissue is adjacent to the electrode surface, the non-uniform primary dis-
tribution influences both neural activation and safety outcomes. The outcomes for neural
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(a) Conical electrode [230]. (b) Segmented cylindrical electrode.
Adapted from [229].
(c) Planar serpentine electrode [239]. (d) Fractal-like electrode [242].
Figure 3.2: Primary current density distributions of electrodes designed for efficient neural stimu-
lation. Current density maps for (c) and (d) range from low (blue) to high (red).
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activation are in favour of the current density concentrations, which may recruit surround-
ing neural elements in a more ecient manner by increasing the activation function in the
nearby tissue. Numerous modelling studies for DBS and stimulation of the visual cortex
have taken advantage of this fact by altering the electrode geometries to exacerbate the
current concentrations at electrode edges and sharp features [229,230,239,242,253,254].
These include conical (Figure 3.2a), segmented (Figure 3.2b), serpentine (Figure 3.2c), and
fractal-like (Figure 3.2d) geometries, which all exhibit multiple current density singularities
in their primary distributions, most noticeably at electrode edges and discontinuous or
high curvature regions. Stimulation safety outcomes are negatively aected by the use
of these geometries because raised current densities may incite stimulation-induced dam-
age of the near-field tissue. The increased propensity for injurious mechanisms has been
acknowledged based on the relative increases in charge density [230,239]. The eect of ge-
ometrical features on electrochemical safety, however cannot be properly modelled without
considering the charge transfer processes at the electrode-electrolyte interface.
With the innate errors associated with discretisation and singularities discussed previously,
most of these models may only provide qualitative conclusions about both neural activation
and safety. These inaccuracies may be reduced by refining the discretisation schemes or
evaluating results away from singularities. However, in the context of neural stimulation
models, there are additional uncertainties such as the properties of the surrounding tissue,
and the modelling of realistic boundary conditions, which are not easily resolved without
experimental validation [255, 256]. These uncertainities may be most applicable where
current distributions are evaluated at the tissue level, where inaccuracies in tissue properties
have the greatest impact.
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3.3 Secondary current distribution
The secondary current distribution accounts for the electrochemical reaction kinetics resulting
from polarisation of the electrode-electrolyte interface, which can substantially modulate
the primary current distribution. Where the primary distribution assumed a continuity
of potentials from the electrode to the electrolyte, the secondary distribution requires
the introduction of an impedance between the two domains (explained in § 2.3.2). For
current distribution models solving Laplace’s equation, this impedance appears as either
a linear or non-linear boundary condition, depending on the assumptions made regarding
the polarisation response of the electrode [226]. In addition, the steady-state nature of
the primary distribution does not apply to the secondary distribution, in part due to the
capacitive charging at the double layer, which has been characterised by spatially varying
time-constants on the electrode surface [257].
3.3.1 Analytical methods
The introduction of kinetics associated with polarisation increases the complexity of the
analytical solutions to Laplace’s equation. The full description of the kinetics for a sec-
ondary current distribution is provided by the Butler-Volmer equation (Equation 2.12),
which is non-linear and introduces both cathodic and anodic transfer coecients. Several
simplifying assumptions, however, can be made to enable an analytical solution.
I = (αa + αc )I0FRT η (3.3)
If the electrode is polarised with a suciently small overpotential, the current through the
electrode can be assumed to be linear, and defined by Equation 3.3. Under this assumption,
the secondary current distribution is independent of the net current. Analytical solutions
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provided by Newman for a disc electrode [226,258] show that this secondary distribution is
significantly more uniform than the primary distribution, and the singularity at the edge of
the disc becomes finite. In the limit where the polarisation impedance is low compared to
the ohmic resistance, the highly non-uniform primary current distribution prevails.
The opposite extreme is the scenario of a large overpotential. In this case, the Tafel
equation (Equation 3.4) can be applied, which is derived from the Butler-Volmer equation by
eliminating either the cathodic or anodic term depending on the polarity of the polarisation
[150]. Laplace’s equation is therefore solved with a non-linear boundary condition at the
electrode. Analytical solutions for a disc electrode demonstrate the dependence of the
secondary distribution on the net current [226, 258], and as current increases towards
infinity, the primary current distribution also prevails.
I = I0exp
(
αF
RT
η
)
(3.4)
Solutions for the secondary current distribution are rarer in the literature compared to
solutions for the primary distribution. In the above solutions derived by Newman, the
capacitance at the electrode is not explicitly modelled, and hence there is no information
concerning the changes in distribution over time. Later studies [259,260] involved deriving
transient responses resulting from the secondary distribution with linear kinetics and
limited to planar disc electrodes. More sophisticated models are once again likely to be
solved using numerical methods.
3.3.2 Numerical methods
Numerical methods are well-suited to solve Laplace’s equation in the presence of non-linear
boundary conditions. FEM in particular enables the application of boundary conditions
using weak forms, which assists in the derivation of solutions to these complex scenarios.
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BEM is also able provide solutions with these boundary conditions, however it becomes
more inecient for non-linear problems. Hence, numerous electric conduction models of
the implanted cochlea have been solved with BEM, but only for the primary distribution
[80, 210–214].
There is a paucity of CI electrode models that include a representation of the double
layer and its polarisation. Of those that do, most are concerned with accounting for
the associated impedance, since it produces a significant voltage drop in vivo and may
have an impact on the voltages developed at the tissue [216, 261, 262]. In these studies,
linear equivalent circuit models are used to couple the potentials on either side of the
electrode-electrolyte interface. The magnitudes of the impedances are matched to in vivo
impedance measurements. Similar approaches are also prevalent in electrode models of
other neural prosthetic applications, sometimes in conjunction with dispersive material
properties for the surrounding tissues resulting in time-domain and frequency-domain
representations of electrode behaviour [263–270]. Although solutions of the secondary
current distribution are implied, the main outcomes of these models are concerned with
neural activation, and therefore, the ramifications of the secondary current distributions
are rarely discussed.
The following studies focus on the numerical solution of the secondary current distribu-
tions on stimulation electrodes. Behrend et al. [271] used FEM to determine the secondary
distribution at simplified disc electrodes intended for use in retinal prostheses, which in-
terface a infinite half-space electrolyte domain. The adopted interface impedance model
assumes that the electrode is ideally polarisable and consists of a purely capacitive bound-
ary condition, and time-domain responses of the secondary distribution are presented in
response to a voltage step. The use of a capacitive model enables the derivation of localised
time-constants, similar to that derived by Myland and Oldham [257], which were used to
track the charging of various portions of the disc electrode. The time-domain responses
80
CHAPTER 3. STIMULATION ELECTRODE CURRENT DISTRIBUTION MODELS
exhibited charge redistribution from a primary-like distribution to a more uniform sec-
ondary distribution, although this was predicted in analytical studies for increasingly large
polarisation impedances. Extensions to this model were developed by Wang et al. [16,272],
including the response to typical current pulses used in neural prostheses and optimised
stimulus waveforms, which were able to reduce the edge eect at the initiation of capacitive
charging. The in vitro experiments performed to validate the model showed a corrosion
profile implicating the edge eect on faradaic processes, which emphasised the importance
of modelling the reaction kinetics, like in the analytical solutions.
Reaction kinetics have been modelled for conical and disc electrodes by Cantrell and col-
leagues using FEM [3,273,274]. Their investigations of the eect of linear and non-linear
faradaic kinetics mirrors that of the analytical studies by Newman [258], however the numer-
ical model also incorporates the constant phase angle impedance to represent non-faradaic
behaviour, which restricted this analysis to the frequency-domain [3, 274]. The model indi-
cated that increased overpotentials and frequency induced a secondary distribution that
approaches the non-uniform primary distribution, which led to the recommendation of
restricting high frequency components of stimulation waveforms [274]. This may reduce the
prevalence of the primary distribution during a stimulation pulse, which was demonstrated
by Wang et al. [16], but does not eliminate the non-uniformity resulting from a low charge
transfer impedance. It should be noted that this model utilises full Butler-Volmer kinetics
with the generalised parameter values found in Table 2.4 from [167]. These parameter
values are representative of impedance behaviour only, and consequently, the occurrence of
reactions can not be inferred from this model. Thus, the relationship between the current
distribution, pseudocapacitance (represented by constant phase angle impedance), and
the occurrence of specific faradaic reactions key to the definition of electrochemical safety
during current pulses remains unclear.
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3.4 Tertiary current distribution
The description of faradaic reactions using the Butler-Volmer equation is valid for processes
not limited by diusional mass transport (see § 2.3.3). Accounting for the eect of the
diusional impedance results in the so-called tertiary current distribution. This distribution
is not studied extensively in the literature for neural stimulation electrodes, and analytical
solutions are highly demanding [275]. The tertiary distribution in the diuse layer near an
electrode can be defined by solutions to the Nernst-Planck equation (Equation 3.5), where
Ni , Di , zi , ui , and ci are the molar flux, diusivity, charge, ionic mobility, and concentration
of a chemical species i , respectively; and φ and u are the electric potential and solvent
velocity, respectively.
Ni = −Di∇ci − ziuiF ci∇φ + ciu (3.5)
Solutions to this equation need to be coupled to the reaction kinetics at the electrode,
defined by the current-overpotential equation (Equation 2.11), and Laplace’s equation,
which can be solved for the potential distribution in the bulk solution. Analytical treat-
ments of Equation3.5 ignoring the electromigration term (ziuiF ci∇φ) have been detailed
for rotating disc electrodes by Newman [226, 258]. Lower rotational speeds limit mass-
transport of chemical species to the rotating disc electrode, which is associated with more
uniform current distributions. Numerical methods can be used to solve the system with
the electromigration term, however in many cases, this is evaluated as a one-dimensional
problem [276].
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3.5 Summary
From the literature described in this chapter, it is clear that although spatial distributions
of current on stimulation electrodes have been modelled, their eect on stimulation safety
are still not well understood. Analyses performed on the electrode current distribution
have uncovered the following characteristics:
• The primary current distribution, which is indicative of ideally non-polarisable elec-
trodes, is highly non-uniform on disc and conical electrodes;
• Electrode recesses can suppress the edge eects on disc electrodes, but are subject
to physical requirements of the electrode in a neural prosthesis such as a CI;
• The introduction of the polarisation impedance results in a more uniform secondary
current distribution, however with increased charge injection, the distribution tends
towards the non-uniform primary one;
• The reduction of high frequency components of a stimulation waveform prevents
the “shorting” of the polarisation phenomena, reducing the eect of the primary
distribution; and
• Tertiary current distributions limited by diusional processes are tied to the secondary
current distribution by the reaction kinetics at the electrode surface.
These characteristics may be used to develop an understanding of the relationship between
current distributions and any potentially injurious electrochemical processes resulting from
stimulation. As emphasised in Chapter 2, the stimulation parameters in CIs and other
neural prostheses may dier greatly, and any relationships drawn from studies in one
application may not be directly transferable to CIs. The eectiveness of using models to
calculate the current distributions for simple electrode geometries has been demonstrated
in this chapter. The original work described in the ensuing chapters of this thesis will
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utilise and improve on these methods to produce models of CI stimulation electrodes,
enabling the study of clinically relevant parameters on electrochemical safety.
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Chapter 4
Comparison of primary and secondary
current distributions
The uncertainty surrounding the mechanisms of stimulation-induced tissue damage in the
cochlea has been established in Chapter 2, and justifies the study of the electrochemical
safety of CIs. The results of these investigations may clarify the contributions of both phys-
iological mass-action and harmful electrochemical by-product generation to stimulation-
induced damage in the cochlea. Evidence presented in Chapter 3 showed that electrochem-
ical responses are coupled to the spatial distribution of current density on the surface of
stimulation electrodes. Although, analytical and numerical techniques have been used to
model these distributions, there is an insucient number of modelling studies that evaluate
these distributions in the contexts of CI stimulation and electrochemical safety.
Therefore, the work described in this chapter aimed to:
• Develop a three-dimensional numerical model of a CI stimulation electrode using
the finite element (FE) method;
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• Account for both non-faradaic and faradaic electrochemical behaviours to describe
the secondary current distribution; and
• Evaluate the relationship between current distributions and the occurrence of faradaic
reactions in the time domain during constant-current pulses.
Much of the work described in this chapter formed part of the following contribution.
• A. Sue, P. Tran, P. Wong, Q. Li, and P. M. Carter, “Time-domain finite element
models of electrochemistry in intracochlear electrodes,” presented at the 2013 35th
Annual International Conference of the IEEE Engineering in Medicine and Biology
Society (EMBC), 2013, pp. 1554-1557.
4.1 Methods
The finite element method (FEM) was used to construct the numerical model of the CI
electrode and its surroundings. FEM was chosen over the finite dierence method (FDM)
due to the importance of accurately modelling the current distribution over a non-planar
electrode surface, whichmay be inecient with FDM as its irregular discretisation scheme is
ill-suited for modelling complex geometrical domains. Boundary element method (BEM)
could also be used to model the geometries, however its apparent ineciencies when
modelling non-linear conditions in three-dimensional models favour the use of FEM in
these scenarios.
To calculate the primary and secondary current distributions, the selected numerical
method (FEM) was used to solve dierential equations, as described in Chapter 3. In
this model, a current source was modelled to generate the current distributions, requiring
the more generalised Poisson’s equation (Equation 4.1), where J is the current density
vector (Am−2), σ is the electrical conductivity of the medium (Sm−1), Φ is the scalar
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electric potential (V), Je is the externally applied current density vector (Am−2), and ∂ρ∂t
is the change in volume charge density over time (Am−3). Equation 4.1 is essentially the
continuity condition of current conduction derived from Maxwell’s equations, adapted to
account for a current source through the Je term.
∇ · J = ∇ · (σ∇Φ − Je) = −∂ρ
∂t
(4.1)
When there is no current source, Je and
∂ρ
∂t are both eliminated, and the continuity equation
can be reduced to Laplace’s equation (restated in Equation 4.2 for clarity), which is solved
to find the potential distribution assuming the electrical conductivity of the medium is
homogeneous and isotropic.
∇2Φ = 0 (4.2)
Modelling the temporal characteristics of the current distribution as stated in the aims of
this chapter requires a dynamic treatment of Equation 4.1, which involves the addition of
a time-dependent electric displacement term (D) to J. This results in the consideration of
the relative permittivity (εr ) of the medium, as well as the electrical conductivity, shown in
Equation 4.3, where ε0 is the free-space permittivity (approximately 8.854 × 10−12 Fm−1),
and D = ε0εrE, with E being the electric field.
∇ · J = ∇ · ((σ + ∂
∂t
ε0εr )∇Φ − Je) = ∂ρ
∂t
(4.3)
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HBW
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BOUNDARY DIA.
ARRAY DIA.
Figure 4.1: The geometry of the half-band CI electrode model. The half-band electrode (blue)
is embedded in the electrode carrier (grey), and is defined by the half-band width (HBW) and
diameter of the array (ARRAY DIA.). The length of the electrode section (LENGTH) is surrounded
by a cylindrical domain (yellow) with a diameter (BOUNDARY DIA.) chosen to model the scala
tympani. The dimensions of these geometrical parameters are given in Table 4.1.
Table 4.1: Physical dimensions of the half-band CI electrode model.
Geometry parameter Name Value (mm)
Half-band widtha HBW 0.10 to 0.40
Model length LENGTH 2.00
Array diameter ARRAY DIA. 0.50
Scala diameter BOUNDARY DIA. 2.00
a HBW was varied in 0.1mm increments.
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4.1.1 Geometry creation
The geometries of the electrode contacts on CI arrays are not planar (see § 2.1.2), but
instead conform to the cross-section of the scala tympani, and are commonly arranged
to face the modiolus. Existing models of the secondary current distribution have studied
only simple electrode geometries, typically planar discs, or in some cases, conical elec-
trodes [3,273]. The modelled fields produced by these electrodes are usually bounded by an
infinite electrical ground through a hemispherical half-space, which is unlike the surround-
ings of a CI electrode [16,225,271]. The simplified geometries modelled in these studies do
not provide an accurate representation of a CI electrode and its environment, which is de-
scribed in § 2.1. Therefore, it was imperative that realistic electrode geometries and model
boundaries were constructed to better model the field and current distributions.
To this end, a single hemicylindrical electrode and a cylindrical carrier were created as
geometrical entities in the COMSOL 4.3a (COMSOL AB, Stockholm, Sweden) finite
element software package1. A larger cylindrical domain was created to act as the section
of the scala tympani occupied by the electrode. The final model geometry is shown in
Figure 4.1. The electrode and carrier domains were based on the dimensions of the
Cochlear Nucleus CI422 with slim straight array, which are summarised in Table 4.1. Due
to the tapered nature of this array, the dimensions of the carrier at the sixth electrode
from the basal end were utilised, however the width of the half-band contacts (HBW in
Figure 4.1) was varied to account for size variation of the contacts. The diameter of the
bounding cylinder (BOUNDARY DIA.) was 2mm, based on the largest dimension of the
scala tympani [277].
1Appendix A contains sample code used to generate these models
89
CHAPTER 4. PRIMARY AND SECONDARY CURRENT DISTRIBUTIONS
Table 4.2: Material properties used in the half-band CI electrode model.
Domain Material Electrical conductivity Relative permittivity
σ (Sm−1) εr (1)
Electrode Platinum 94.35 × 105 1
Scala Physiological saline 1.4 78
Carrier Silicone 1 × 10−14 4.2
4.1.2 Material properties
Material properties were assigned to the three distinct geometrical domains: electrode,
carrier, and scala tympani. The properties outlined in Table 4.2 were based on the materials
used in CI electrode arrays identified in § 2.1.2. Electrical conductivities and relative
permittivities were assigned to enable the solution of Equation 4.3. The values of these
material properties are well-accepted, and agreed with those of other modelling studies [3].
The properties of physiological saline were considered to be an appropriate analogue to
the perilymph of the scala tympani, as the ionic compositions of these fluids are similar
(reviewed in § 2.1.1).
4.1.3 Boundary conditions
To simulate the electrical conditions of an implanted cochlea, electrical boundary condi-
tions (BCs) were applied to the model. Both ends of the scala domain were electrically
grounded using Dirichlet BCs (Φ = 0). The remaining external surfaces of the scala do-
main were electrically insulated using Neumann BCs (n · J = 0), where n is the normal unit
vector to the boundary. These BCs modelled the wider current spread due to monopolar
stimulation, as opposed to confined stimulation modes such as bipolar. The resistive nature
of the surrounding bone has previously been estimated as a ratio between the electrical
conductivities of the perilymph and bone [278]. By employing insulating BCs, this model
represented a “worst-case” scenario for current spread. More accurate representations of
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the current spread within the implanted cochlea were developed in parallel with volume
conduction anatomical models—the details of these models can be found in the associated
theses [255,279].
∫
A
n · J dA = IT (4.4)
A terminal BC was applied at the internal surface of the electrode domain. This internal
surface was chosen so that it did not intersect with the scala domain. The terminal BC is
considered a weak-type Neumann boundary condition, expressed in Equation 4.4, where
A is the boundary area and IT is the applied terminal current. IT was set to a constant
value of ±0.5mA. Positive and negative terminal current values enabled separate cathodic
and anodic models, respectively.
The remaining boundaries between the electrode and carrier domains were considered to
be electrically insulated, and enforced by Neumann boundary conditions (n · J = 0). This
prevented shunting of current through the carrier, as previous models have found minimal
shunted current when insulator-electrolyte interfaces are included [3].
The electrochemical processes used to model the secondary current distribution were
applied using a Robin BC, which acts as a contact condition between two domains. Previous
studies had implemented a thin layer geometry on the electrode surface to approximate
the thickness of the double layer [3, 261]. Given the size of the double layer is in the
order of nanometres, and the largest dimensions of this model are in millimetres, the
subsequent discretisation of such a thin layer would be an inecient use of resources. It is
possible to create a thicker geometry by modulating the properties of interface, however
this would impinge on the geometry of the electrode and aect the secondary current
distribution. The Robin BC is applied as an electrical contact impedance, negating the
need to geometrically model a double layer. The Robin BC is expressed generally in
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Equation 4.5, where Z is the specific impedance (Ωm2), Φ1 −Φ2 is the potential dierence
of the contacting domains (V), and Jtotal is the measured total current density passing
through the electrode interface.
Jtotal = n · σ∇Φ = n · J = 1Z (Φ1 − Φ2) (4.5)
1
Z
=
1
ZCPA
+
1
Rf
=
1
Zrev
+
1
Zirr
(4.6)
The use of the Robin BC has been detailed in recent electrode modelling literature [3,265,
267, 268]. In this model, the impedance Z is derived from an equivalent circuit model
of the electrode-electrolyte impedance described in § 2.3.2, and repeated in Figure 4.2
for clarity. Thus, Z was defined as the sum of the constant phase angle impedance, and
a DC impedance characterised by faradaic reaction kinetics in parallel (Equation 4.6).
The current consumed by these parallel elements could also be separated, dividing the
total current passed through the electrode surface into two pathways: a reversible pathway,
governed byZrev, and an irreversible pathway, governed byZirr. It should be noted thatZCPA
and Rf are specific impedances in Ωm2, to generate a current density J in Am−2.
4.1.4 Non-faradaic polarisation
Constant phase angle impedance (see § 2.3.2) of a typical platinum electrode in physiologi-
cal saline were adopted to model the irreversible current pathway, namely non-faradaic and
reversible faradaic processes. The constant phase angle impedance is governed by Equa-
tion 2.9, however this relationship is described in the complex frequency domain. Thus,
some translation is required to incorporate this impedance into a time domain solution to
Equation 4.3.
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Zirr = Rf
Φ2Φ1
Z
rev
 = ZCPA
Figure 4.2: The equivalent circuit defining the specific impedance z for the Robin BC, shown
connecting two nodes (open circles) belonging to the electrode (blue dashed line) and the scala
(yellow dashed line) domains. These nodes are geometrically coincident in the FE model.
Recent modelling studies investigating the dispersive eects of the surrounding tissues
on neural activation patterns have employed Fourier transforms to resolve the spectral
components of the current pulse. The models are analysed at the individual spectral
frequencies, and then require an inverse Fourier reconstruction to obtain responses in
the time domain [263, 280, 281]. This approach, however, is subject to the number of
frequency bins chosen for the spectral analysis, and is subject to the Gibbs overshoot
phenomenon [280]. Also, temporal analysis of the spatial current distributions generated
by these models would be somewhat cumbersome, and has not been demonstrated in any
of the literature employing this method [263, 280, 281]. Therefore, to provide a solution
in the time domain using this model, a Laplace transform approach was developed. This
approach is similar to analytical derivations for the shape of current and voltage transients
[164,168,194,282].
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First, the constant phase angle impedance was expressed as a function of the complex
frequency variable, s = iω (Equation 4.7).
Zrev(s ) = ZCPA(s ) = Ks−β (4.7)
This impedance was then substituted into Ohm’s Law in the s plane (Equation 4.8), along
with Equation 4.9, which expresses a step input of current (∆I ) in the s plane.
V (s ) = I (s )Z (s ) (4.8)
I (s ) = ∆I
s
(4.9)
This resulted in an expression for the voltage (Equation 4.10), to which an inverse Laplace
transform was calculated (Equation 4.11).
V (s ) = ∆I K
s β+1
(4.10)
Zrev(t ) = ZCPA(t ) = Kt
β
Γ(β + 1) (4.11)
Equation 4.11 shows the time (t) domain impedance (ZCPA(t )) obtained after the trans-
form, where Γ is the Gamma function. The transform is valid only for the case where
the coecients K and β are constant, and only during constant current stimulation. Al-
though variations in these coecients with overpotential have been measured experimen-
tally [1, 167], the onset of non-linear faradaic reaction kinetics may be conflated with this
phenomenon. K was normalised by the electrode area used in the experimental studies
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Table 4.3: Values of the parameters used in the definitions of the modelled non-faradaic and
faradaic impedances, sourced from literature [1–3].
Parameter Shorthand Value Unit
Non-faradaic impedance
Impedance modulus K 1.57 Ωm2s−β
Constant phase exponent β 0.91 1
Faradaic impedance
Exchange current density j0 9.14 × 10−3 Am−2
Anodic transfer coecient αa 0.099 1
Cathodic transfer coecient αc 0.378 1
Electrons n 2 1
Temperature T 298 K
Gas constant R 8.314 Jmol−1K−1
to produce a usable form for discrete points on the electrode surface in this model. The
values of K and β were selected from these experimental studies [1, 2] (Table 4.3), and
have been used in previous modelling studies [3].
4.1.5 Faradaic kinetics
The irreversible current pathway was modelled using the Butler-Volmer equation for irre-
versible faradaic reactions, as described in Equation 4.12. Note that the measured irre-
versible current density Jirr is expressed here, instead of the irreversible current Iirr, as this
equation governs the current density at discrete points on the electrode surface. As a result,
the exchange current density, j0 was specified as a parameter for this model. The values
used for the kinetics parameters of the Butler-Volmer equation were taken from empirical
measurements made during potentiodynamic experiments by Richardot and McAdams [1]
(see Table 2.4). These parameters were found to correspond to specific faradaic reactions,
namely anodic platinum oxide formation and cathodic oxygen reduction.
Jirr = n · Jirr = j0
(
exp
(
η
αanF
RT
)
− exp
(
η
−αcnF
RT
))
(4.12)
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The overpotential η was defined in the model as the dierence in the electric potentials
between geometrically coincident nodes at the boundary between the electrode and scala
domains (Figure 4.2). When η is positive, the faradaic kinetics become anodically biased,
and when η is negative, the faradaic kinetics become cathodically biased. The polarity
of η in each model depended on the polarity of the current injected at the terminal BC.
A reference electrode was not included because of the model’s ability to determine the
electric potential at any point in the domains. Instead, the Dirichlet BCs used for electric
grounding were acted as the reference of zero potential. This model essentially resolved
to a two electrode system, where the return/counter electrode acts as the reference electrode.
No additional equilibrium potential term was included to calculate η, and therefore, the
model assumed the zero potential of the grounding surfaces was equal to the equilibrium
potential of the stimulation electrode. Rf in Equation 4.6 was therefore determined using
Ohm’s law, with η driving the current through Rf. The resulting expression for Zrev is
presented in Equation 4.13.
Zrev = Rf =
η
Jirr
=
η
j0
(
exp
(
η
αanF
RT
)
− exp
(
η
−αcnF
RT
))−1
(4.13)
4.1.6 Discretisation
The geometrical model was discretised into mixed hexahedral and tetrahedral second-order
Lagrangian elements in the COMSOL software. The density of the resulting mesh was
defined primarily at the interface between the electrode and scala domains. For this model,
nodes were evenly seeded along the edges of the electrode surface, enabling the creation of
a swept mesh for the complete electrode domain. The distribution of the seeded nodes was
used to define the density of the mesh on the electrode surface. The remaining geometric
domains (carrier and scala) were discretised using the inbuilt tetrahedral mesh algorithms
in COMSOL. To enable proper interactions between the electrode domain elements and
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the tetrahedral elements, the interfacing hexahedral elements were split into pyramidal
elements.
A mesh convergence study was conducted to verify the reliability of the resulting current
distributions obtained from the numerical model. This involved identifying the sensitivity
of the current distributions to the density of the mesh on the electrode surface. Variations
in the mesh density were achieved by varying the number of the seeded nodes on the
straight edges of the electrode surface from 20 to 50, and from 50 to 95 on the curved
edges to maintain element quality.
4.1.7 Solution
Solutions to the models were computed within the COMSOL 4.3a environment. The
non-linear conditions within the model required the use of a coupled solver. In this case,
the PARDISO direct linear solver was coupled with a damped Newton-Raphson based
non-linear iterative solver. To evaluate the time domain solution, the model was solved at
time-steps chosen according to a backward dierentiation formula (BDF) algorithm. The
total time period of the solution was chosen according to the phase width of the constant
current pulse that was modelled. For the models in this chapter, the phase width chosen
was 25 µs in duration to simulate a typical phase width used clinically in CIs [283], resulting
in a charge per phase of 12.5 nC.
Execution of the solution took place on a Intel-based workstation running the Microsoft
Windows 7 Enterprise operating system, with a six-core Intel Core i7-3930K CPU (at
3.2GHz) and 64GB of RAM. The linear matrix factorisation performed by the PARDISO
solver was multi-threaded, and the matrices and solutions were stored within the 64GB
RAM allocation, providing an “in-core” solution. Final model files were written to a 240GB
Intel SSD.
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Following completion of the solutions, relevant results were extracted as comma delim-
ited text files from the COMSOL 4.3a post-processing modules. Only nodal results were
extracted by specifying the Lagrange-element node-point order to match the order of the
Lagrangian elements used in the model. Images of the current distributions were exported
from COMSOL directly. Further calculations were then performed in MATLAB R2013a
(The MathWorks, Natick, MA).
4.2 Results
To quantify the non-uniformity of the current density distribution on the discretised nodes
covering the electrode surface, a unitless standard deviation based measure (σJ) was
calculated. This type of measurement has been used in other modelling literature to define
the non-uniformity of the current density distribution [271, 272]. At each node on the
electrode surface, the measured total current density ( Jtotal) can be defined as the sum
of the reversible ( Jrev) and irreversible ( Jirr) current densities. Note that these are signed
scalar quantities, as a result of the application of the Robin BC in Equation 4.5. For all the
electrode surface nodes and at all time-steps, these current densities were exported, and
input into Equation 4.14, where:
• J is the current density magnitude—either Jrev, Jirr, or Jtotal;
• N is the total number of nodes on the electrode surface;
• J is the number average of the nodal current density magnitude in question; and
• Javg is the geometric average of the total current density, calculated using Equa-
tion 4.15, where IT is the current injected at the terminal BC (0.5mA), and A is the
area of the electrode.
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Table 4.4: Mesh parameters and convergence results for the half-band electrode model
HBW=0.4mm.
Curved edge Straight edge Total surface nodes Final Solution
seeds seeds N σJ,total time (s)
50 20 4141 0.1407 4207
60 30 7381 0.1375 11392
70 35 10011 0.1362 13534
80 40 13041 0.1352 18548
90 45 16471 0.1344 27621
95 50 19291 0.1339 35751
σJ =
1
Javg
√√
1
N
N∑
n=1
( Jn − J )2 (4.14)
The final quantities of these calculations are labelled σJ,total, σJ,rev, and σJ,irr, which rep-
resent the non-uniformities of Jtotal, Jrev, and Jirr, respectively. A standard deviation
measure gives an improved metric of the current density distribution over a “mean devia-
tion” measure because any high nodal current densities are amplified by the squaring of
the dierence to J , which allows easy identification of non-uniformities. Therefore, high
values of σJ,total, σJ,rev, and σJ,irr indicate substantial non-uniformity, low values indicate
more uniform current density distributions, and a completely uniform distribution would
give a value of zero. Since the expression in Equation 4.14 is unitless, this measure presents
the deviation as a factor of Javg.
Javg =
|IT |
A
(4.15)
4.2.1 Mesh convergence
Table 4.4 summarises the results of the mesh convergence study for a half-band electrode
model with HBW = 0.4mm. By changing the density of the node seeds on the electrode
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(a) N = 4141 nodes. (b) N = 19291 nodes.
Figure 4.3: Comparison of coarse and fine mesh densities in the half-band electrode model for
HBW=0.4mm.
surface, N ranged from 4141 to 19 291. The eect of the node seeding distribution is
independent of the electrode area, and consequently, the resultant N were verified to apply
to the other electrode sizes. N is also the number of degrees-of-freedom (DOF) at the
electrode surface, as Poisson’s equation solves only for the electric potential Φ at each
node. The dierences between the coarsest and finest mesh parameters are shown visually
in Figure 4.3, and localisation of the mesh density in the scala domain (yellow) nearer the
electrode surface (blue) is evident, especially in Figure 4.3b.
To evaluate the sensitivity of the current distribution to the discretisation of the geometrical
domains, the normalised standard deviation of the total current density (σJ,total) at the
end of the pulse was calculated for each mesh density (Table 4.4). The large variation
in N—370% from the coarsest to finest mesh—resulted in only a 5 % change in the final
σJ,total. The relationship between these two variables was observed to be non-linear, as
illustrated in Figure 4.4, and convergent with increasing N . In contrast, the solution times
(Table 4.4) increased in an almost linear fashion with N . Thus, a compromise between the
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Figure 4.4: Plot of mesh convergence study results for the half-band electrode model in Table 4.4.
accuracy of the modelled current distribution, and the solution time was required. The
mesh parameters resulting in N = 7381 produced a solution that was 3 % greater than the
finest mesh in approximately 3 h. These mesh parameters were then selected and used to
generate the results described in the rest of this chapter.
4.2.2 Primary current distribution
To examine the changing nature of the current distribution in the time domain during
the 25 µs current pulse, the σJ,total was plotted for every time-step, as shown in Figure 4.5.
In all cases, the distribution at the start of the pulse was highly non-uniform and became
more uniform over the duration of the pulse. The initial values of σJ,total were similar
for both anodic and cathodic currents, however smaller electrodes consistently exhibited
higher σJ,total. For the cathodic polarisation of HBW = 0.1mm electrodes, initial σJ,total
was 4.484, compared to 3.141 for HBW = 0.4mm electrodes.
This initial current distribution, which was assumed to be the highly non-uniform primary
current distribution described in literature, is plotted on the half-band electrodes in Fig-
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(a) Cathodic σJ,total.
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(b) Anodic σJ,total.
HBW = 0.4 mm
HBW = 0.3 mm
HBW = 0.2 mm
HBW = 0.1 mm
Figure 4.5: Distribution non-uniformity measure σJ,total plotted over the duration of 25µs cathodic
and anodic phases at half-band electrodes of varying HBW. The horizontal axis represents the
duration of the current pulse. These graphs illustrate the changes in non-uniformity of the current
distribution over a constant current pulse.
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(a) HBW = 0.1mm (b) HBW = 0.2mm
(c) HBW = 0.3mm (d) HBW = 0.4mm
Figure 4.6: The primary current density distributions of the modelled half-band electrodes in
response to a cathodic pulse. The surrounding mesh elements are included for context only and
their colours are not indicative of current density. Legend units are in Am−2.
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ure 4.6 for the cathodic pulse. Anodic primary distributions were verified to be similar to
the cathodic primary distributions. The total current density was heavily biased towards
the sharp vertices of the half-band electrodes at all HBWs. As the HBW was decreased and
the electrodes made smaller, the periphery current densities were further amplified and
exceeded 4000Am−2 at the edges as well as the vertices. The additional areas of amplified
current density illustrated in Figure 4.6a corresponded to the higher σJ,total observed for
smaller electrodes.
4.2.3 Secondary current distribution
A transition from a non-uniform primary current distribution to a more uniform secondary
current distribution can be observed in Figure 4.5. As with the primary current distribu-
tion described above, the secondary distributions of larger electrodes were found to be
more uniform. During the anodic pulse, the secondary current distributions (Figure 4.5b)
decreased monotonically at a decreasing rate. This trend was repeated for larger electrodes
(HBW > 0.3mm) during cathodic pulses. However, cathodic polarisation of smaller elec-
trodes (HBW < 0.3mm) resulted in an increase in the non-uniformity measure towards the
end of the pulse, which can be observed in Figure 4.5a.
Further examination of this eect was performed by isolating the irreversible current path-
way from the total current and current densities. This analysis revealed the influence of
the irreversible pathway on the secondary current distributions. The normalised standard
deviation of the irreversible current densities (σJ,irr) is shown in Figure 4.7 for the cathodic
pulse. These values of σJ,irr are notably lower than σJ,total in Figure 4.5 due to the nor-
malisation by Javg. This resulted in an eectively zero value of σJ,irr near the beginning
of the pulse, which was replicated in the anodic case. The increase in σJ,total for cathod-
ically polarised small electrodes was mirrored in the same models (HBW < 0.3mm) for
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Figure 4.7: σJ,irr for cathodic current pulses at half-band electrodes of varying HBW.
σJ,irr. By method of superposition, Jrev and Jirr are summed to Jtotal, it was clear that this
phenomenon resulted from the utilisation of the irreversible current pathway.
Iirr =
∫
A
n · Jirr dA (4.16)
The extraction of the electrode surface current densities also enabled the derivation of
an irreversible current measure (Iirr) in A. This measure was calculated by performing a
numerical integration of Jirr over the electrode surface area, expressed mathematically in
Equation 4.16. Iirr was calculated for every time-step, and this was plotted as a temporal
response of the irreversible current pathway, shown in Figure 4.8. For both polarities,
smaller electrodes produced higher Iirr than their larger counterparts, and in all cases, Iirr
evolved in an approximately exponential fashion for the majority of the 25 µs pulse. The
calculated anodic Iirr (Figure 4.8b) was in the order of nA—markedly smaller than the
cathodic Iirr (Figure 4.8a), which reached 0.43 to 191 µA at the end of the pulse for the
modelled electrode sizes.
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Figure 4.8: Irreversible currents (Iirr) during cathodic and anodic current pulses at half-band
electrodes of varying HBW. The σJ,irr curve for HBW = 0.1mm is superimposed onto Figure 4.8a
in grey, to enable the comparison of the onset of large irreversible currents and their distribution.
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Figure 4.9: The irreversible current density ( Jirr) distribution of the HBW = 0.1mm half-band
electrode at the end of the 25µs cathodic current pulse. In this plot, Jirr is mapped onto a planar
surface, and Jirr magnitude is represented by both the colour map and the magnitude of the
displacement normal to the base plane (black rectangle). Arrows indicate the enhancement of
current at the straight edge and vertex of the electrode surface. Legend units are in Am−2.
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In particular, the smallest electrode (HBW = 0.1mm) produced a final cathodic Iirr that
was approximately 38 % of the total current (0.5mA). The cathodic σJ,irr for this electrode
is overlaid onto Figure 4.8a, and demonstrates the eect of the magnitude of Iirr on its
non-uniform distribution at the electrode surface. The non-uniform distribution of Iirr
was confirmed by plotting Jirr on the electrode surface, shown in Figure 4.9, showing
enhancement at the electrode vertices and edge.
4.3 Discussion
4.3.1 Current distributions
The results of this modelling study have provided time-domain descriptions of the current
distributions on the surface of half-band CI electrodes. The initial current distribution at
the beginning of the pulse was assumed to be the primary current distribution, which has
been described for disc electrodes in previous studies (see Chapter 3) [225, 226,232,258].
This assumption is considered fair, given the instantaneous rise in current at the onset
of the pulse containing high frequency spectral components. It is well-accepted that the
primary distribution is approached at high frequencies, and as described in Chapter 3
reduction of the high frequency spectral components may reduce impact of the primary
distribution [16, 272,274].
The primary current distribution modelled on the half-band electrodes shares characteris-
tics with the primary distributions on disc electrodes, despite the dierences in electrode
shape. Most importantly, the primary distribution is highly non-uniform. This is manifested
on disc electrodes by the concentration of current at the circumference of the electrode
surface. As observed in Figure 4.6, the non-uniformity of the primary distribution also
evolves at the edges of the half-band electrodes, especially the straight edges aligned with
108
CHAPTER 4. PRIMARY AND SECONDARY CURRENT DISTRIBUTIONS
the axis of the electrode array. Although not investigated here, it is hypothesised that this
particular edge eect is a function of the edge length HBW, as it is the smallest dimension
of the electrode for all the HBW values modelled. This claim is supported by the evaluation
of the σJ,total at the beginning of the current pulse, which objectively showed that electrodes
with a larger HBW exhibit more uniform primary distributions.
While Jtotal was found to be high at the periphery, the highest current densities were
generated at the vertices of the half-band electrode, which is not evident in studies of
disc electrodes. The closest analogue in the literature is the study of the primary current
distributions at high perimeter electrodes [239, 253] and conical penetrating electrodes
[3, 230], which describe current concentrations at the sharp geometric features. These
observations are in agreement with the results obtained above, however the interactions
between the edges and corners are yet to be established. Notably, the eect of electrode
recessing, which has been explored frequently (see § 3.2.1), is known to restrict edge values
of current density from infinity. It is not clear what impact recessing has on the vertex of
a half-band electrode.
The inclusion of the electrode-electrolyte interface in this study enabled the study of the sec-
ondary current distribution. Due to the time-domain approach adopted in this model, the
secondary distribution could also be analysed over the duration of current pulses typically
used in CI stimulation. Previous studies utilising FEM to evaluate the secondary distribu-
tion on disc electrodes inspired the use of the σJ measures for non-uniformity [16,271]. The
models used in these studies, however, assumed the electrodes were ideally polarisable and
did not model an irreversible pathway, as done here. Subsequently, the anodic results in
Figure 4.5b, where there is relatively little utilisation of irreversible pathway resemble those
presented by Behrend et al. [271]. Analytical derivations of the secondary distribution
performed by Newman [226, 258] accounted for faradaic kinetics, which were found to
suppress the non-uniformity of the primary distribution. These findings are corroborated
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by the results presented in Figure 4.5, which show a dramatic decrease in σJ,total following
the onset of the current pulse. This decrease is interpreted as a redistribution of the current
density on the electrode surface, represented in previous studies by the changing of local
time-constants [271], and verifies the use of the constant phase impedance to model the
reversible charge storage of the platinum electrode.
This decrease has been interpreted by other modelling studies as a reason for neglecting
the secondary current distribution [232]. However, it is clear that the impedance imparted
by the faradaic kinetics has an eect on the secondary distribution. As demonstrated in
Figure 4.7 for the cathodic pulses, the eect of the irreversible current densities is to bias the
distribution of Jtotal towards the primary distribution. This finding agrees with Newman’s
analysis [226,258], which also found that a non-uniform distribution is approached when
the faradaic impedance is low. Therefore, it is worthwhile considering the eect of an
irreversible “leakage” pathway as modelled in the present study, as excessive admittance
of current via this pathway may drive the electrode back to the primary distribution
(Figure 4.9).
The association of the formation of a non-uniform secondary distribution to the passage of
irreversible current is further supported by the Iirr data presented in Figure 4.8. The non-
linear rise in the cathodic Iirr for the smaller electrodes coincides with the corresponding
increases in σJ,total, whereas these increases are absent during the low Iirr observed in larger
electrodes and during anodic pulses. The apparent dependence of σJ,irr in Figure 4.7 and
Figure 4.8 on the magnitude of Iirr is observable due to the incorporation of the non-
linear Butler-Volmer expression (Equation 4.13) in the irreversible current pathway, as
the application of a constant or linear faradaic impedance would neglect any increases
in Iirr resulting from irreversible faradaic reactions. Therefore, to accurately describe
the characteristics of the current distribution, the underlying physical electrochemical
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processes, such as irreversible faradaic reactions and the factors governing their occurrence,
need to be considered.
4.3.2 Irreversible current
The development of current through the modelled irreversible pathway, and the subsequent
eects on the current distribution, are subject to the kinetics parameters chosen in this
model. As described in § 4.1.5, the kinetics parameters in Table 4.3 were sourced from
Richardot and McAdams [1], who attributed the anodic and cathodic responses to non-
passivating platinum oxide formation and dissolved oxygen reduction, respectively. This
is in contrast to previous models, where symmetric transfer coecients (αa = αc = 0.5)
were used as general indication of platinum electrode behaviour. The asymmetry of the
transfer coecients used in this study were the cause of the large dierences observed in
anodic and cathodic results.
The choice of these specific parameters for use in this model can, and should, be questioned.
Firstly, the faradaic reactions attributed to these parameters may be considered reversible
(see § 2.3.3), although irreversible pathways are possible with these reactions [191, 193].
Thus, the applicability of the Butler-Volmer equation for strictly irreversible faradaic reac-
tions is not guaranteed. Secondly, the parameters were obtained by a slow-rate potentiody-
namic experiment. The rate used (1mV s−1) was slower than other slow-rate techniques
such as cyclic voltammetry, which is operated at faster rates of 0.1V s−1. Slow-rate tech-
niques allow the identification of reactions occurring at electrodes [178, 181], however
electrode behaviour should be expected to change under fast pulsing, such as the current
pulses used in this model. Hence, the reactions associated with these parameters may not
be prevalent in fast CI stimulation pulses, and this is further exacerbated by the use of a
1mV s−1 rate. Finally, as established by Cogan et al. [188], the presence of dissolved oxygen
in vivo is minimal compared to that in vitro, thereby reducing the contribution of oxygen
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Table 4.5: Electrode areas and charge densities arising from variations in the HBW of half-band
electrodes.
HBW (mm) Electrode Area (mm2) Charge density (µCcm−2 per phase)
0.1 0.0785 15.92
0.2 0.1571 7.957
0.3 0.2356 5.306
0.4 0.3142 3.978
reduction to faradaic behaviour. Purging in vitro environments of oxygen may provide a
more accurate chemical representations of in vivo environments [205]. Despite the uncer-
tainty regarding the use of the kinetics parameters, an asymmetric current-overpotential
response should be employed for models of irreversible behaviour. This is most evident in
the definition of the water window, which is typically −0.6 to 0.8V against an Ag|AgCl|Cl–
reference electrode.
Qualitative analysis of the Iirr in the results of this model provides some insight into the
factors aecting the occurrence of irreversible faradaic reactions. The charge per phase in
each model was held constant, as it was defined by the amplitude of the terminal current
(±0.5mA) and the phase width (25 µs), resulting in the delivery of 12.5 nC of charge. The
electrode area, however, was changed by variations in HBW, which in turn changed the
charge density. As outlined in Table 4.5, reductions in the HBW resulted in greater charge
densities, which have been used extensively in defining the limits of electrochemically
prudent stimulation [73, 181, 184]. The results in Figure 4.8 confirm charge density as a
major factor in the occurrence of irreversible faradaic reactions, and explains the greater
levels of Iirr for the smaller electrode models.
The reason for this eect of charge density on faradaic reactions may be explored by
referring back to the secondary current distributions, and more specifically, the distribution
of Jirr on the electrode surface. Decreases in the electrode area reduce the overall charge
storage resulting from the double layer capacitance and pseudocapacitance on the electrode,
112
CHAPTER 4. PRIMARY AND SECONDARY CURRENT DISTRIBUTIONS
modelled in this study by the constant phase angle impedance in the reversible current
pathway. Additionally, Figure 4.9 shows that when irreversible faradaic reactions do occur,
they are distributed non-uniformly and are influenced heavily by the geometry of the
electrode, which is similar behaviour to the primary distribution. It has been noted that
the shortest dimension of the half-band electrode is the HBW, and reduction of HBW
further increases the concentration of current density (both Jtotal and Jirr) on this edge
and connected vertices. Therefore, it is hypothesised that the electrode geometry (both
area and shape) influences not only the distribution of Jirr, but also the magnitude of Iirr.
This is an inherently non-linear problem as the secondary current density distributions are
aected by the magnitude of Iirr, which may in turn be sensitive to the electrode geometry
and primary distribution, which is approached by the secondary distribution with increased
Iirr.
4.4 Summary
A three-dimensional FE model of half-band CI electrode was presented in this chapter, and
this model was used to evaluate the primary and secondary current distributions arising
from constant-current pulsatile stimulation. Furthermore, the modelling methods were
developed to measure the extent of irreversible faradaic activity on the electrodes, and
their eects on the aforementioned current distributions. This has resulted in the following
key findings.
• The primary current distribution on half-band electrodes exhibited amplified current
density at the periphery of the electrode, in particular, at the straight edges and
vertices of the contact surface.
• The secondary current distribution was found to be more uniform than the primary
distribution, agreeing with previous studies, however upon increased current through
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the faradaic pathway, the secondary distribution was found to deviate back towards
the primary distribution.
• Increases in the non-uniformity of the secondary current distribution with increasing
irreversible current leakage are evident only with non-linear faradaic kinetics, which
should be modelled to fully describe the temporal characteristics of the secondary
distribution. Thus, the underlying electrochemical reactions giving rise to these
currents should be considered and modelled accordingly.
• Suitable kinetics parameters in the Butler-Volmer equation for stimulation electrodes
are not readily available in the literature, and the current methods for determining
such parameters may not be suitable for modelling fast CI stimulation pulses.
• The electrode geometry governs the distributions of both Jtotal and Jirr, and produces
a non-linear problem by modulating the magnitude of Iirr. The eect of other geo-
metric factors, such as electrode recessing, on the Iirr-driven secondary distributions
are yet to be established.
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Effects of electrode geometry
The methods and preliminary model presented in Chapter 4 enabled the study of the
relationship between the current distribution on the electrode surface to the extent of
induced irreversible faradaic current. One of the key findings of this preliminary study
was the coupling of the irreversible faradaic current to a non-uniform secondary current
distribution resembling the primary distribution. The electrode geometry has an obvious
eect on the primary current distribution, and the characteristics of this distribution on
half-band CI electrode geometries were identified in the preliminary model. The role of
specific geometric features, such as the straight edges and vertices of the half-band geome-
try distinguishes this primary distribution from those modelled on simple planar electrode
geometries. Thus, the electrode geometry may influence the extent of irreversible faradaic
behaviour, such as platinum dissolution and gas evolution from hydrolysis reactions, via
the aforementioned interactions of the current distribution and irreversible faradaic cur-
rent. The eect of electrode geometry has been observed experimentally, as evidenced
in electrochemical evaluations of charge injection limits [197] and in vivo evaluations of
tissue damage in the cerebral cortex [91]. However, the preliminary models described in
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Chapter 4 have only considered a half-band geometry. As discussed in § 2.1.2, there are a
variety of electrode geometries employed for use in commercially available CIs.
In addition to the shape and size of the electrode, eorts to produce a uniform primary
current distribution from planar electrodes have focused on recessing the electrode surface
within the surrounding insulation [218, 232, 233]. Models of the primary distribution on
disc electrodes have shown that when the electrode surface is recessed, the current density
at the edge of the disc becomes a finite value [226], but may still be infinite at the edge of
the aperture of the recess [232]. For planar disc electrodes, Rubinstein et al. [232] found
a recess depth one-third of the radius provided relatively uniform distribution, without
exceeding particular electrode design constraints. The singularity at the edge of non-
recessed discs also becomes finite with the incorporation of a polarisation impedance to
model the secondary distribution, as in the preliminary model [258]. To date, investigations
of electrode recessing only modelled the primary current distribution, and have been limited
to simple electrode geometries, such as the planar disc. Thus, the characteristics of the
secondary distribution in response to electrode recessing on non-disc electrode geometries
has yet to be investigated. The interactions between these electrode parameters may yield
further insight into the safety of stimulation with CI electrodes.
Therefore the work described in this chapter aimed to model the eects of electrode
geometry factors on the current distribution and electrochemical irreversibility. In greater
detail, these studies aimed to:
• Utilise the methods in described in Chapter 4 to create models of various CI electrode
geometries;
• Evaluate the eect of electrode shape on electrochemical irreversibility and current
distribution measures;
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• Incorporate recesses of varying levels in the models of the CI electrode geometries;
and
• Evaluate the response of the CI electrode geometries to varying levels of recess.
Portions of the work described in this chapter formed part of the following contribu-
tions.
• A. Sue, P. Wong, P. Tran, Q. Li, and P. M. Carter, “Modelling the Electrochemistry
of Platinum Intracochlear Stimulation Electrodes,” presented at the 3rd International
Conference on Medical Bionics, poster P41, Phillip Island, VIC, Australia, 17–20
November 2013.
• A. Sue, P. Wong, P. Tran, Q. Li, and P. M. Carter, “Modeling the eects of electrode
recessing on electrochemical safety in cochlear implant electrodes,” presented at the
2015 7th International IEEE/EMBS Conference on Neural Engineering (NER), 2015,
pp. 490–493.
• A. Sue, P. Tran, P. Wong, Q. Li, and P. M. Carter, “Investigations of irreversible
charge transfer from cochlear implant electrodes: in-vitro and in-silico approaches,”
presented at the 2015 Conference on Implantable Auditory Prostheses, Lake Tahoe,
CA, USA, 12-17 July 2015.
5.1 Model improvements
Several areas of improvement were identified from the preliminary model described in
Chapter 4, which were addressed by the revised methods used in this chapter. Significant
changes included:
• Revised scala and carrier geometries to better reflect the electrode array geometry;
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• Improved faradaic kinetics used to model the irreversible current pathway;
• More ecient and consistent discretisation strategies to improve the accuracy of the
modelled current distributions;
• Application of symmetrical boundary conditions to reduce the computational load
of the solution process; and
• Changes to the solution process to ensure an accurate time domain solution and
improve eciency of the simulation.
The specifics of these changes to the modelling methodology are outlined in the following
subsections. All other aspects of the preliminary model were retained.
5.1.1 Geometry
The changes to geometrical entities consisted solely of a change in the model length
(LENGTH) described in Figure 4.1. In the preliminary model, this length was selected
as 2mm, however this did not accurately represent the length of the scala tympani, and
neglected the positions of the neighbouring electrode contacts on the CI array. The
LENGTH used for all subsequent models was 0.85mm, which was obtained from the inter-
electrode spacing at the sixth most basal electrode on the Cochlear Nucleus CI422 slim
straight array. This provided a distance of 0.275mm from the curved edge of a 0.3mm
wide half-band electrode to the closest end of the cylindrical scala domain, which is used
as an electrical ground. This distance is half of the inter-electrode spacing (0.55mm), and
therefore excludes the presence of the neighbouring electrodes.
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Table 5.1: Values of the faradaic kinetics parameters used to define the water window (hydrolysis)
reactions.
Parameter Shorthand Value Unit
Exchange current density j0 1 × 10−6 Am−2
Anodic transfer coecient αa 0.29 1
Cathodic transfer coecient αc 0.23 1
Electrons n 2 1
Temperature T 298 K
Gas constant R 8.314 Jmol−1K−1
Equilibrium potential Eeq 0.25 vs Ag|AgCl|Cl– at pH 7.2
5.1.2 Water window kinetics
The application of the Butler-Volmer equation to the polarisation impedance modelled
on the electrode surface is described in § 4.1.5. In the preliminary model presented in
Chapter 4, the chosen kinetics parameters were empirically determined using potentio-
dynamic experiments performed by Richardot and McAdams [1]. The parameter values
were attributed by the authors to anodic platinum oxide formation and cathodic oxygen
reduction. The formation of platinum oxide is generally considered a reversible faradaic
reaction [15, 183], and would not be represented well by the Tafel kinetics used in the
Butler-Volmer equation, which ignore the eect of mass transfer. Furthermore, studies
of oxygen reduction have shown this reaction to be limited by the low concentrations of
dissolved oxygen in vivo [188]. The identification of these reactions may have been driven
by the slow scan rate used for the voltage sweep 1mV s−1, which enables the reactions to be
driven further than in the short pulses used in CI stimulation. Therefore, new parameters
were sought to better represent the possible irreversible faradaic reactions occurring at
implanted electrodes.
The importance of the water window has been discussed in § 2.3.4. Anodic oxygen gas (O2)
and cathodic hydrogen gas (H2) evolution are easily identifiable in many electrochemical
experiments [74], and the design of electrochemically prudent stimulation strategies are
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not insulated with a glass disk). The counter electrode was a
0.25 mm diameter platinum wire wound in a spiral around the
working electrode. All potentials were measured with respect
to an Ag/AgCl (3 M NaCl) reference electrode (BAS, RE-5B).
Prior to experimentation, the platinum working electrode was
cleaned in a flame, and sonicated first in ethanol for 30 min
and then in deionized, distilled water for 30 min.
A phosphate-buffered saline (PBS) solution served to
simulate physiological conditions. It was prepared using
0.13 M NaCl (J T Baker; ULTREX R⃝ Ultrapure Reagent),
0.081 M Na2HPO4·7H2O (J T Baker; USP, ACS) and
0.022 M NaH2PO4·H2O (J T Baker; BAKER ANALYZED R⃝
ACS Reagent). One of two different gases purged the
electrolyte before measurements were performed: oxygen-
free N2 (Praxair; 99.998% N2) or ultra-high purity O2 (Praxair;
99.993% O2). Other electrolytes used in these studies were
0.15 M H2SO4 (Fisher; Certified ACS Plus), 0.13 M NaCl
and a sodium phosphate mixture (0.081 M Na2HPO4·7H2O;
0.022 M NaH2PO4·H2O).
In the context of neural stimulation, dissolved oxygen
will always be present in the tissue being stimulated, so
it is important to study how electrodes perform in oxygen-
containing electrolyte. To achieve this, the electrolyte
was purged in a gas diffuser for 30 min with the desired
gas, N2 or O2, to respectively minimize or maximize the
amount of dissolved oxygen in the electrolyte. The gas-
purged electrolyte was then transferred to the electrochemical
cell without compromising the controlled gas environment.
Humidified gas from the diffuser was also passed over
the electrolyte surface for the duration of the experiment
to maintain a constant dissolved gas composition. The
reference electrode chamber was directly filled with gas-
purged electrolyte through a Luggin capillary tube.
Cyclic voltammetry at a 100 mV s−1 scan rate was
performed using a Bio-logic VSP R⃝ potentiostat, and the data
obtained and analyzed using EC-Lab R⃝ V9 software. In each
electrolyte, platinum voltammograms were compared for the
conventional 1.5 V window (approx. −0.6 V to +0.9 V versus
Ag/AgCl at pH 7.2) and an expanded 2.7 V window (approx.
−1.0 V to +1.7 V).
3. Results and discussion
3.1. Phosphate-buffered saline—conventional potential
window
In figure 1 are shown steady-state cyclic voltammograms in
nitrogen-purged (black line) and oxygen-purged (gray line),
phosphate-buffered saline (PBS), the scans from −0.62 V
to +0.90 V versus Ag/AgCl (pH 7.2) at a scan rate of
100 mV s−1. Voltammograms were considered steady state
when current variations from scan to scan were not evident.
Scanning over this 1.5 V potential range will be referred
to as using a ‘conventional potential window’ since these
are the most commonly applied voltammetry conditions for
platinum. As expected, the characteristics of the nitrogen-
purged platinum voltammogram (black line) were similar to
the literature for H2SO4 [28, 29] and PBS [30, 31]. In
Figure 1. Cyclic voltammograms (scan rate: 100 mV s−1) of
platinum in PBS (pH 7.2) under N2 purge (black line) and O2 purge
(gray line); a conventional scanning potential window of −0.62 V to
+0.90 V. For the O2-free system (black line), peaks are labeled for
oxide formation and reduction, atomic hydrogen adsorption and
desorption, hydrogen evolution and oxygen evolution. In the
presence of dissolved oxygen (gray line), the onset of oxygen
reduction appears at +0.25 V. At potentials less than +0.25 V, the
negative oxygen reduction current dominates the response, shifting
the net current into the cathodic current region.
nitrogen-purged PBS, a shoulder (onset at +0.25 V) was
assigned to oxide formation and a peak at +0.10 V to the
corresponding oxide reduction. Peaks for hydrogen adsorption
and desorption were seen near −0.40 V. Also noted in
figure 1 are the potentials at which H2 formation (−0.60 V)
and O2 formation (+0.90 V) begin to occur. Oxygen-purged
electrolyte was then used to determine in which region oxygen
reduction occurs on Pt in PBS. In an oxygen-rich environment
(gray line), similar characteristics to the nitrogen-purged case
were attributed to oxide formation/reduction and hydrogen
adsorption/desorption. However, the entire voltammogram
at potentials less than +0.25 V was below the zero-current
axis. This dominant, negative current was attributed to the
reduction of dissolved oxygen in the electrolyte. Therefore,
when a stimulating electrode is operated at potentials less than
+0.25 V, oxygen reduction could occur, producing reaction
pathways that may not be easily reversed.
3.2. Sulfuric acid—conventional potential window
Platinum’s cyclic voltammogram was measured in nitrogen-
purged 0.15 M H2SO4 from −0.28 V to +1.15 V (pH 0.9) at
100 mV s−1 (figure 2). It should be noted that in order to
measure the same electrochemical phenomena as in PBS, a
different potential range was applied due to the difference
in solution pH (7.2 for PBS and 0.9 for 0.15 M H2SO4).
Consequently, an additional axis has been added as a
convenience to the bottom of figure 2 to provide a potential
scale for direct comparison with data for a pH of 7.2. Similar
axes appear in all subsequent voltammograms for electrolytes
with a pH different from PBS. Note that the potentials cited
in the remainder of this paper refer to the potential scale at
pH 7.2. The voltammogram from figure 1 is also provided as
the inset of figure 2 for direct comparison. In H2SO4, the same
electrochemical characteristics were observed between H2 and
O2 evolution on platinum as in PBS: oxide formation, oxide
3
(a) Sourced from Hudak et al. [205].
(b) Adapted from Robblee and Rose [67].
Figure 5.1: Cyclic voltammograms used for the fitting of Butl r-Volmer reaction ki etics. Note that
each voltammogram utilises a different ref rence electrode. In (a), the black curve represents
the response during an nitrogen N2 purge, and the grey curve represents the response in the
presence of O2.
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commonly defined by the avoidance of these undesirable reactions. Therefore, the kinetics
parameters for all the subsequent models were based on the water window reactions. The
new values for j0, αa , and αc were estimated from published voltammetry data [67, 205],
and are listed in Table 5.1.
The parameters in Table 5.1 were determined by fitting the Butler-Volmer equation to the
onset of the hydrolysis reactions identified in the voltammograms published by Hudak
et al. [205] (Figure 5.1a), and Robblee and Rose [67] (Figure 5.1b). The conditions of
these voltammetry experiments were similar—both used 0.1mm2 platinum electrodes in
phosphate-buered saline, with common sweep rates of 0.1V s−1. The dierences are
evident in Figure 5.1. The use of a N2 purge by Hudak et al. to suppress dissolved oxygen
levels resulted a strong reduction of the oxygen reduction peak, which can be used to
replicate an in vivo scenario. The oxygen reduction peak is prominent in non-purged cases,
such as Figure 5.1b.
Although the voltammograms were recorded with dierent reference electrodes, the po-
tentials are easily translated. The Butler-Volmer equation as it is implemented in the
preliminary model, relies on the overpotential, which accounts for the equilibrium poten-
tial. The equilibrium potential was determined from the voltammetry data by finding the
average potential between the platinum oxidation and reduction reaction peaks, which
gave a similar result to estimating the potential at zero current. This value was also con-
sistent with previous literature values [1]. As there is no reference electrode in the FE
model, the fitting of the parameters was made with reference to this equilibrium potential.
A comparison of the current-overpotential curves for the preliminary and water window
kinetics used in the described models is shown in Figure 5.2.
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Figure 5.2: The current density-overpotential response of the preliminary and revised (water
window) faradaic kinetics parameters. J is the current density in Am−2 and η is the overpotential
in V. Dotted lines represent the potentials of the reference electrodes at a pH of 7.2.
5.1.3 Discretisation improvements
The preliminary FE model was generated in part with a swept mesh for the electrode
domain, resulting in second order hexahedral elements § 4.1.6. The elements interfacing
with the remaining domains required conversion to pyramidal geometries by splitting
the Lagrangian elements diagonally. This process resulted in electrode surface elements
lacking the mid-side nodes usually associated with second-order Lagrangian elements,
which resulted in relatively rough current distributions. In addition, swept meshes are only
possible with particular geometries, and may not be suitable for the electrode geometries
to be studied in this chapter § 5.2.
Therefore, the electrode domains in the models described in this chapter and all subsequent
models were discretised with second-order tetrahedral Lagrangian elements, using the
inbuilt tetrahedral meshing algorithms in the COMSOL 5.1 (COMSOL AB, Stockholm,
Sweden) finite element software suite. The size of the electrode domain elements was
controlled by restricting the maximum element edge length to a fraction of the equivalent
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(a) Preliminary hexahedral mesh. (b) Revised tetrahedral mesh.
Figure 5.3: Comparison of preliminary hexahedral and revised tetrahedral mesh in the half-band
electrode model for HBW=0.4mm.
HBW for the electrode domain, enabling the element sizes to scale with the electrode size.
The reduction of the model length enabled a greater mesh density at the electrode, as
illustrated by Figure 5.3. To verify the reliability of this new meshing approach, a mesh
convergence study was performed similar to that described in § 4.2.1. This results of this
mesh convergence are presented in § 5.2.2.
5.1.4 Symmetry conditions
Due to the location of the Dirichlet BCs used for electrical grounding and the inherent
nature of the geometrical domains, two symmetry planes were identified for the model.
These planes were orthogonal to each other, and divided the model into quarters, as shown
in Figure 5.4. One plane was aligned with the longitudinal axis of the cylindrical scala
domain and its orientation was set so that it divided the electrode surface exactly in half.
The other plane was transverse to the longitudinal axis of the scala domain, and was
positioned at the exact midpoint between the two ends of the scala domain.
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Figure 5.4: Available symmetry planes (blue) for the half-band electrode model.
Following division of the model along these symmetry planes, symmetrical BCs were
applied to the resultant symmetry boundaries for all geometric domains. Symmetrical BCs
are equivalent to the Neumann BCs applied for electrical insulation described in § 4.1.3—
this repeated in Equation 5.1 for clarity. Application of these symmetric BCs enabled
an eective reduction of the model size by a factor of four. Other BCs and calculations
utilising integration terms were altered to maintain equivalence with the original model.
For example, the current applied at the terminal BC was reduced by a factor of four, and
integrals of the current densities at the electrode surface were multiplied by a factor of
four.
n · J = 0 (5.1)
5.1.5 Solution process improvements
Minor improvements were made to the solution process. The backward dierentiation for-
mula (BDF) time-stepping algorithm was set to output results at specific intervals of 0.5 µs,
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instead of the actual convergence steps taken by the solver to increase the resolution of time
domain results. The reduction in model size resulting from the application of symmetry
conditions enabled the increase in the density of the mesh without severely impacting the
computational cost. Additionally, the increased number of simulations described in this
chapter justified the use of a more computational resources. The subsequent solutions
were executed in the COMSOL environment on a combination of a Dell Precision T7600
workstation running the Microsoft Windows 7 Enterprise operating system, and a cluster
of Linux-based workstations. The Dell workstation provided a total of sixteen CPU cores
at 3.1GHz and 128GB of RAM. The Linux-based cluster provided a total of twenty CPU
cores at 3GHz and 120GB of RAM.
5.2 Electrode shape
Four electrode shapes were modelled in this study, resembling the geometries identified in
Table 2.2 for CIs. These included a:
• Half-band geometry, which is employed in the Contour Advance array [35, 41];
• Full-band geometry, which was previously employed in the Melbourne array and in
the Nucleus straight arrays [40, 61];
• Conformal disc geometry, which is employed in various MED-EL arrays; and
• Thin-film planar disc geometry, which resembled those prototyped in the Stanford
arrays [50].
In addition to the variations in electrode shape, the area of each electrode shape was also
varied to assess the responses to changes in size. Charge density was identified as a key
factor in the irreversibility measures discussed in § 4.3.2, and therefore, was varied in this
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Table 5.2: Dimensions of the modelled geometries for equivalent electrode area.
Area (mm2) HBW (mm) FBW (mm) RAD (mm)
0.0785 0.100 0.050 0.158
0.1571 0.200 0.100 0.224
0.2356 0.300 0.150 0.286
0.3142 0.400 0.200 0.316
study. During evaluation of the electrode geometry, charge density was kept constant to
isolate the eects of electrode area and electrode shape.
5.2.1 Methods
Electrode geometries were created in a similar fashion to those in Chapter 4. Examples
of these electrode geometries are shown in Figure 5.5. The half-band, full-band, and
conformal disc electrodes were flush with the cylindrical carrier. A new rectangular carrier
geometry was created for the planar disc geometry. The cross-section of this carrier was
0.7mm wide and 0.2mm thick for all planar disc sizes. As with the half-band electrode,
which was defined by the half-band width (HBW) in Chapter 4 (Figure 5.5a), the size of the
full-band electrode was controlled by its width (FBW) along the axis of the carrier. The
size of the planar disc and conformal disc electrodes were defined by their radii (RAD) in
Figure 5.5c and Figure 5.5d.
Creation of the conformal disc electrode relied on the use of cylindrical co-ordinates to
define a curve on the surface of the cylindrical carrier. An imprint of a circular cross-
section applied orthogonally to the curved surface of a cylinder does not result in a circular
electrode, but instead, an elliptical one. Therefore, Equations (5.2–5.5) were used to define
the conformal disc electrode surface on the electrode carrier, where r is radius of the disc,
a is the radius of the cylindrical carrier, and x , y , z are the spatial co-ordinates in the
model space. The resulting electrode surface area is equivalent to a planar disc and can be
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Figure 5.5: Model geometries and their defining parameters used in this study.
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defined by the same parameter RAD (Figure 5.5c and Figure 5.5d), but instead wrapped
on a cylindrical surface.
x = r cos θ (5.2)
y = r sin θ (5.3)
z =
√
a2 − r 2θ2 (5.4)
−a
r
≤ θ ≤ a
r
(5.5)
Four electrode sizes were studied for each electrode shape. These were based on the areas
of the half-band electrodes modelled in Chapter 4. The equivalent parameters for the
other electrode shapes are listed in Table 5.2. For each electrode area, a range of charge
densities from 8 to 64 µCcm−2 was applied. The complete design of this modelling study
is illustrated in Figure 5.6. The amplitude of the terminal current was scaled in accordance
with the electrode area to maintain a constant charge density. The width of the pulses
modelled in this study are 75 µs to ensure the terminal current remained at a reasonable
level when injecting high charge densities.
5.2.2 Results
As in Chapter 4, current density distribution and irreversible current measures were eval-
uated for each model. In addition, the potential at the electrode terminal was also ex-
ported for each model to examine the characteristics of the potential transient under
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Figure 5.6: Experiment design tree for study of electrode geometries. The parent of each tree
defines the electrode shape, the first level defines the electrode area in mm2, and the lowest level
defines the charge density in µCcm−2.
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the studied conditions. Potential transient measurements are commonly used in studies
of neural stimulation electrodes to evaluate charge injection limits based on the water
window [67,74, 184,186,196,197,206].
The results presented here are primarily from cathodic pulses due to the prevalence of
cathodic first biphasic waveforms in CIs and other neural prostheses. The eect of any
irreversible faradaic activity in the cathodic phase of these pulses is reflected in the following
anodic pulse by “ratcheting” [15], or “slideback” [140,201], as discussed in § 2.3.4. Thus,
the study of single phases, as performed in these models, is best reserved for the leading
phase of a biphasic pulse.
In Chapter 4, σJ,irr was a unitless factor formulated by dividing by Javg (Equation 4.14).
In this study, the formulation of σJ,irr was revised to normalise by the average irreversible
current density ( Javg,irr) shown in Equation 5.6, where Iirr is the irreversible current and A
is the electrode area. The rationale for this adjustment was to remove any dependency of
σJ,irr on the absolute magnitude of Jirr, and provided a measure that is directly comparable
to σJ,total. The revised expression for σJ,irr is shown in Equation 5.7. The interpretation
of σJ values remains the same: for high values the current density distribution is more
non-uniform, and for low values, the current density distribution is more uniform.
Javg,irr =
|Iirr |
A
(5.6)
σJ,irr =
1
Javg,irr
√√
1
N
N∑
n=1
( Jn − J )2 (5.7)
Finally, irreversible currents (Iirr) were calculated for all the models as in Chapter 4. To
provide an objective function for the evaluation of Iirr, numerical integration was performed
on the exported Iirr data over the phase width (tPW), resulting in an irreversible charge Q irr,
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Table 5.3: Revised mesh parameters and convergence results for half-band electrode models
HBW = 0.1mm and HBW = 0.4mm.
Maximum edge Eective total Final Solution
length fraction surface nodes – Ne σJ,total time (s)
HBW = 0.1 mm
1⁄10 4074 0.02466 582
1⁄20 15494 0.02360 1099
1⁄30 33746 0.02332 1962
1⁄40 58894 0.02317 3781
1⁄50 92622 0.02303 4629
HBW = 0.4 mm
1⁄10 1154 0.06860 400
1⁄20 4202 0.06324 475
1⁄30 8730 0.06169 647
1⁄40 15370 0.06091 800
1⁄50 23698 0.06054 2015
which can be defined by Equation 5.8. This was interpreted as the total charge consumed
by the irreversible current pathway during the simulated current pulses1.
Q irr =
∫
tPW
Iirr dt (5.8)
Mesh convergence
The revised meshing approach was evaluated on half-band electrodes of HBW = 0.1mm and
HBW = 0.4mm, equating to electrode areas of 0.0785mm2 and 0.3142mm2, respectively.
As in Chapter 4, the normalised standard deviation of the total current density (σJ,total)
at the end of the pulse was used as the objective measure. Mesh density at the electrode
surface was varied by changing the maximum element edge length from 1⁄10 to 1⁄50 of the
HBW. The results of the mesh convergence studies for both electrodes are summarised in
Table 5.3. Due to the use of symmetry conditions, an eective number of electrode surface
1Appendix B contains sample code used to calculate Q irr.
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(a) Neff = 4074 nodes. (b) Neff = 92622 nodes.
Figure 5.7: Comparison of coarse and fine mesh densities in the refined half-band electrode
model for HBW = 0.1mm.
nodes, Ne, is used to describe the mesh density at the electrode if no symmetry conditions
were used. Examples of the coarsest and finest mesh densities are shown in Figure 5.7
for the HBW = 0.1mm electrode. Evaluating mesh by visual inspection and Ne reveals
a much finer discretisation of the electrode when compared to the meshes presented in
Chapter 4, yet the solution time have been reduced drastically. This was likely a result of
the reduction in model size and use of symmetry, as well as the additional computational
resources aorded to the solution execution.
The mesh convergence data in Table 5.3 is illustrated graphically in Figure 5.8. Both HBW
= 0.1mm and HBW = 0.4mm exhibit the expected convergence trends, and solution times
tended to increase in a near linear fashion. The HBW = 0.4mm exhibited the greatest
variation, although this was resolved at higher mesh densities, with a dierence of 4.6 %
in σJ,total between the two highest mesh densities. In comparison, dierence between the
corresponding fractions of element edge length at the HBW = 0.1mm electrode was 0.6 %,
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Figure 5.8: Plot of the mesh convergence study results for the refined mesh parameters in Ta-
ble 5.3.
indicating a well converged solution for the smaller electrode. Given the reductions in
solution time for both models, an element edge length of 1⁄60 of the characteristic length
of the electrode (HBW, FBW, and RAD) was used to discretise the subsequent models in
this study and the remaining models described in this thesis.
Current density distributions
The full definition of σJ is provided in § 4.2, and essentially describes the non-uniformity
of the current density distribution. Figure 5.9 illustrates the eects of electrode shape and
charge density on the normalised standard deviation of the total current density σJ,total
over a cathodic pulse. As the electrodes geometries have equivalent areas, the eect of the
electrode shape can be isolated. In all cases, the initial, or primary, current distribution
is highly non-uniform, as established in Chapter 4. The primary distribution was found
to be independent of the charge density, and this was reflected in the σJ,total values at the
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beginning pulse. For the 0.0785mm2 electrodes, σJ,total were approximately 3.14, 2.66,
2.88, and 3.00 for the half-band, full-band, conformal disc, and planar disc geometries,
respectively.
The primary current distributions for the four electrode geometries are illustrated in Fig-
ure 5.10. Figure 5.10a demonstrates the concentration of current density at vertices and
edges of the half-band electrode, which resulted in the highest value of the initial σJ,total.
The conformal and planar disc geometries also demonstrated edge eects (Figure 5.10c and
Figure 5.10d). Full-band electrodes, however, delivered the lowest values of σJ,total, and the
amplified current densities were restricted to nodes very close to or on the periphery.
The rapid redistribution of current from the primary distribution to a more uniform
secondary distribution was observed over the duration of the pulse, as evidenced by
Figure 5.9. At low charge densities, σJ,total remained low (Figure 5.9a), however a higher
charge densities, σJ,total recovered to an intermediate level (Figure 5.9b), which was of
similar behaviour to that observed in Chapter 4. The eect of the electrode shape can also
be observed in secondary distribution. Most notably, the rate of decrease in σJ,total was
more rapid for the half-band geometry, when compared to both conformal and planar disc
geometries as shown in Figure 5.9, despite having an objectively more non-uniform primary
distribution. The full-band geometry retained the highest level of uniformity in both its
primary and secondary distributions. These trends were verified at all modelled electrode
areas. This is shown in Figure 5.11, which also illustrates the eect of changing the area
for each electrode shape. In all the modelled cases, the larger electrode areas consistently
produced higher σJ,total, and as a result, more non-uniform secondary distributions.
The eect of the electrode shape can also be examined by isolating the irreversible current
density ( Jirr) and studying its distribution characteristics in the form of σJ,irr. An example
of this is shown in Figure 5.12. At low charge densities (Figure 5.12a), the values of
σJ,irr settled during the current pulse at higher values than the corresponding σJ,total in
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(a) 0.0785mm2 electrodes at 16µCcm−2.
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Figure 5.9: σJ,total for 75µs current pulses delivered to 0.0785mm2 the modelled CI electrode
geometries. Charge per phase is 12.57nC and 50.27nC for charge densities of 16µCcm−2 and
64µCcm−2, respectively.
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(a) Half-band. (b) Full-Band.
(c) Conformal Disc. (d) Planar disc.
Figure 5.10: The primary current density distributions for CI electrode geometries with an equiv-
alent area of 0.0785mm2. Charge density is 16 µCcm−2. Legend units are in Am−2.
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(a) Half-band.
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(c) Conformal Disc.
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Figure 5.11: Temporal σJ,total responses over 75µs current pulses for CI electrode geometries of
varying areas. Charge density is 16µCcm−2.
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Figure 5.12: Temporal σJ,irr responses over 75µs current pulses delivered to 0.0785mm2 CI
electrode geometries. Charge density is 16µCcm−2.
138
CHAPTER 5. EFFECTS OF ELECTRODE GEOMETRY
0 20 40 60 80
0
5
10
15
20
25
Time (µs)
Irr
ev
er
sib
le 
cu
rre
nt
 – 
I irr
 (n
A) Half-BandFull-Band
Conformal Disc
Planar Disc
Figure 5.13: Temporal Iirr over 75µs current pulses delivered to 0.3142mm2 CI electrodes.
Charge density is 16µCcm−2.
Figure 5.9a. At higher current densities, the values of σJ,irr reached a peak value before
settling to a more uniform distribution. The exception to this case was the full-band
geometry, which only exhibited this behaviour when modelled with larger electrode areas.
Nonetheless, σJ,total was always less than the corresponding σJ,irr during the cathodic
phase.
Irreversible current pathway
Isolation of the Jirr enabled the calculation of Iirr over the duration of the pulse, and
an example of these curves are presented in Figure 5.13 for equivalent area electrode
geometries. Here, the exponential nature of the irreversible current response is clearly
defined, and small dierences can be noted between the modelled geometries. To quantify
these dierences, the area under each of the Iirr curves can be numerically evaluated to
the irreversible charge, Q irr.
A resulting comparison of electrode shape and area is shown in Figure 5.14. For a constant
charge density of 16 µCcm−2, variations of electrode area result in changes to the delivered
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Figure 5.14: Q irr for 75µs current pulses delivered to CI electrode geometries of varying areas.
Charge density is 16µCcm−2.
charge (per phase), which were noted in addition to the electrode area in Figure 5.14.
In all cases, Q irr increased with electrode area, and therefore, delivered charge. Compar-
isons made between equivalent area electrodes demonstrated the eect of the electrode
shape.
Linear functions were fit to the Q irr data with respect to the delivered charge, as shown
in Figure 5.15, which provided the eective linear gradients plotted in Figure 5.15b. The
eective linear gradients are simplified measures of the electrode responses to changes in
delivered charge. The response of conformal disc and full-band electrodes was close to
linear. Of these two electrode shapes, the gradient of the Q irr increase was steeper for the
conformal disc than the full-band, which consumed the lowest Q irr for all modelled areas.
The response of the half-band and planar disc electrodes exhibited non-linear behaviour,
which can be observed in Figure 5.15a, and in the size of the 95 % confidence intervals in
Figure 5.15b. For half-band electrodes, a slight inflection at 0.2356mm2 reduced the Q irr to
below the value for an equivalent area conformal disc electrode, resulting in a phenomenon
where the half-band electrode consumed less Q irr at larger areas, but more when the areas
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Figure 5.15: Linear fitting of the Q irr data in Figure 5.14 with respect to delivered charge. The
error bars in (b) represent 95% confidence intervals for the linear slope.
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were reduced. In all cases, the planar disc electrode consumed the mostQ irr, and produced
the most non-linear response. Outside of any observed non-linear behaviour, the scaling of
Q irr consumption was very similar between the half-band and conformal disc shapes.
Potential transient measurements
Examples of potential transients obtained from the models are shown in Figure 5.16 for
0.0785mm2 half-band electrodes at low and high charge densities. High charge densities,
as shown in Figure 5.16b, are accompanied by a flattening of the transient towards the
end of the pulse. With increasing charge density, the onset of this flattening occurs earlier
in the pulse. Figure 5.16 also demonstrates the measurement of the key parameters in
potential transients, as discussed in § 2.3.2, and illustrated on a real potential transient in
Figure 2.9.
The access voltage and polarisation voltage, as defined in Figure 5.16b, were calculated
for all models. The access voltage was measured at 1 µs from the onset of the pulse to
provide an objective measurement. Polarisation voltage was then determined by subtracting
the access voltage from the maximum voltage in the transient. The sensitivity of the
polarisation voltage to the changes in the electrode shape and area were found to be
limited under constant charge density conditions. An example is shown in Figure 5.17
for the cases evaluated for Q irr in Figure 5.14. Very small dierences in the polarisation
voltages mimicked the findings in Q irr.
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Figure 5.16: Potential transients obtained from a modelled half-band electrode at low and high
charge densities.
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Figure 5.17: Polarisation voltages calculated for modelled CI electrodes under constant charge
density conditions. Charge density is 16µCcm−2.
143
CHAPTER 5. EFFECTS OF ELECTRODE GEOMETRY
5.3 Electrode recessing
Other investigations of electrode recessing have been limited to simple planar geometries
[232, 233, 241]. It is the goal of this substudy to evaluate the eects of recessing on the
current distributions and irreversibility observed in § 5.2. To this end, electrode recesses
was incorporated into the model geometries created in § 5.2.1, and the responses of the
current distributions and irreversibility measures (described in § 5.2.2) to various levels of
recessing were evaluated.
The electrode geometries created in § 5.2 were modified to include a recess by altering
the carrier domain, as illustrated in Figure 5.18. In the case of half-band, full-band, and
conformal disc geometries, the recess was aorded by increasing the diameter of the
cylindrical carrier domain by the required depth of the recess (RD), which was necessary
to maintain the correct electrode dimensions. For planar disc geometries, the existing
thickness of the rectangular carrier was retained (0.2mm). Creation of the recess required
the definition of the recess wall, which was always perpendicular to the periphery of the
electrode surface, as indicated by the RD labels in Figure 5.18.
5.3.1 Methods
As in § 5.2, four electrode sizes were studied for the half-band, full-band, conformal disc,
and planar disc electrode shapes. Recess depth (RD) was varied from 10 to 100 µm in
increments of 10 µm for all geometries, and the converged mesh parameters obtained from
the previous mesh convergence study were used. All models were simulated under constant
charge density conditions of 16 µCcm−2. The complete design of this modelling study is
illustrated in Figure 5.19.
144
CHAPTER 5. EFFECTS OF ELECTRODE GEOMETRY
LENG
TH
BOUNDARY DIA.
ARRAY DIA.
HBW
RD
(a) Half-band.
LENG
TH
BOUNDARY DIA.
ARRAY DIA.
RD
FBW
(b) Full-band.
2xRA
D
LENG
TH
BOUNDARY DIA.
ARRAY DIA.
RD
(c) Conformal disc.
LENG
TH
BOUNDARY DIA.
0.
7 
m
m
0.2 mm
2xRA
D
RD
(d) Planar disc.
Figure 5.18: Recessed electrode geometries and their defining parameters used in this study.
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Figure 5.19: Experiment design tree for the study of electrode recessing. The parent of each tree
defines the electrode shape, the first level defines the electrode area in mm2, and the lowest level
defines the recess depth in µm.
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5.3.2 Results
Modelling studies of electrode recessing in the literature have presented results in the form
of current density profiles along the electrode surface [226,232]. To provide a comparison
to this existing data, selected current density profiles, shown in Figure 5.20, are presented
in addition to the normalised standard deviation measures used to describe the current
distribution. Of particular interest in this study is the behaviour of the current density
concentrations at the vertices of the half-band electrode. According to the aforementioned
studies, recessing of the electrode edge, and the addition of an impedance to model the
secondary current distribution, results in finite values of this current density, thus enabling
the presented FE models to accurately resolve the edge and vertex current densities. To
quantify the reduction of edge eects due to electrode recessing, ratios of the maximum-
to-minimum current densities on the electrode surface were also determined.
Current density distributions
The total normalised standard deviation, σJ,total, at the beginning of the pulse was evalu-
ated to provide an indication of the eectiveness of the recessing on the primary current
distribution. As shown in Figure 5.21, increases in recess depth (RD) corresponded to
decreases in the initial σJ,total for all modelled geometries. For the full-band electrodes,
the current density becomes eectively uniform (Figure 5.21b), however the sensitivity to
changes in RD is limited, and the primary current distribution maintains an intermediate
level of σJ,total. Of the electrode shapes tested, the half-band electrodes benefit the most
from increasing RD. The higher σJ,total exhibited by larger electrodes was established in
§ 5.2.2, however this general trend is reversed when RDs are increased. This eect is most
evident in Figure 5.21a and Figure 5.21c, for half-band and conformal disc geometries,
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Figure 5.20: Definitions of the paths on CI electrode surfaces used to plot current density current
density profiles. White dashed lines indicate the paths from which current densities are exported
and plotted, defined by points A through L on the electrode surface.
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Figure 5.21: Initial (primary)σJ,total responses to recess depth in recessedCI electrodes of varying
geometries.
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Figure 5.22: Primary current density profiles along paths defined in Figure 5.20a for half-band
electrodes at various recess depths. The electrode area is 0.3142mm2.
respectively. In these cases, σJ,total for the 0.0785mm2 electrode increases slightly as RD
approaches 100 µm.
The current density profiles along the paths shown in Figure 5.20 show the eect of recessing
at the vertices and edges of the electrode geometries. The current densities illustrated
in Figure 5.22, Figure 5.23, and Figure 5.24 show that despite recessing the electrode,
concentrations of current at the vertices and edges of the geometries were present in the
primary current distribution. This is most evident in Figure 5.22 for half-band electrodes,
where the highest current density was located at C (the vertex), which exacerbated the
edge eect observed in path AD (Figure 5.22a). Increasing RD from 10 to 100 µm reduced
this eect by redistributing the current towards the centre of the electrode (A).
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Figure 5.23: Primary current density profiles along paths defined in Figure 5.20c for conformal
disc electrodes at various recess depths. The electrode area is 0.3142mm2.
The conformal disc (Figure 5.23) and planar disc (Figure 5.24) electrodes exhibited similar
characteristics due to their similarity in shape. For both electrodes, the current density pro-
files on the circumference of the electrodes were not uniform as illustrated in Figure 5.23b
and Figure 5.24b for conformal disc and planar disc electrodes, respectively. Instead, the
current was biased along the longitudinal axis of the carrier and scala domains, which
resulted in higher current densities at G for the conformal disc and at J for the planar
disc. This bias was observed to be more pronounced for the planar disc electrode than the
conformal disc electrode, and overall, the planar disc electrode produced higher current
densities at the edge. With increases in RD, the same redistribution of current occurred as
in the half-band electrode, and the bias seen in profiles of paths HG and KJ (Figure 5.20c
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Figure 5.24: Primary current density profiles along paths defined in Figure 5.20d for planar disc
electrodes at various recess depths. The electrode area is 0.3142mm2.
and Figure 5.20d) was subdued, however the edge eect was still slightly more pronounced
in the planar disc electrode at RD = 100 µm.
The study of the Jirr distributions in Chapter 4 established that the secondary current
distribution was a function of the magnitude of the modelled irreversible current, and the
eect of these currents was to increase the non-uniformity of the overall current distribution.
Examples of the Jirr profiles are shown in Figure 5.25 for half-band, conformal disc, and
planar disc electrodes at the end of the pulse. These profiles showed similarities with the
primary distributions, especially with the non-uniformity along the circumference of the
disc electrodes. By the percentage dierence of Jirr at points J and K on the planar disc,
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Figure 5.25: Jirr profiles along paths defined in Figure 5.20 for half-band, conformal disc, and
planar disc electrodes. The electrode area is 0.3142mm2.
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Figure 5.26: Q irr for recessed CI electrode geometries. Electrode area is 0.3142mm2.
the Jirr distribution was found to have a bias of 30 % towards point J. In contrast, the same
dierence in Jtotal was found to be 10 %.
Irreversible current pathway
As in § 5.3, Q irr was evaluated for all geometries and RDs. Figure 5.26 illustrates the
resulting relationships between Q irr and RD for the various electrode shapes modelled.
Overall, the increases in RD reduced Q irr levels, however the eect is diminished as RD
is increased further. This mimics the behaviour of the σJ measures, where increasing the
RD results in plateau, and stabilisation of the primary distribution (Figure 5.21.
The degree of “improvement” from increasing the RD also varies according to the electrode
shape. The full-band electrode exhibited very little sensitivity to RD, whereas the planar
disc electrode exhibited the most improvement by way of a 21 % reduction in Q irr (from
RD = 10 µm to RD = 100 µm). Both half-band and conformal disc geometries behaved
similarly, with reductions of 17 % and 13%, respectively. Despite the diering rates of Q irr
reductions, the diminishing eect of RD resulted in the convergence of all electrode shape
responses to a minimal value of Q irr at the highest RD of 100 µm.
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5.4 Discussion
5.4.1 Water window kinetics
The work presented in this chapter evaluated the eect of electrode geometry parameters,
including shape, area, and recess depth, on electrode surface current distribution and elec-
trochemical irreversibility measures. The flexibility aorded by the use of the described FE
models in the evaluation of these parameters is a distinct benefit over the in vitro methods
discussed in § 2.3.4. Additionally, quantification of the charge delivered through irreversible
faradaic reactions and their spatial distribution on the electrode surface would be challeng-
ing to measure experimentally, especially for realistic CI electrode geometries. Therefore,
it is necessary to discuss the modelling methodology, and in particular, the application of
the water window reaction kinetics to describe the irreversible behaviour, as it is crucial
to the reliability of the results describing the eect of the geometry parameters.
The preliminary model described in Chapter 4 utilised empirically derived kinetics for
anodic PtO formation and cathodic O2 reduction [1]. The use of these kinetics resulted
in a very large Iirr results, especially for cathodic pulses. The reason for these large
currents is easily deduced by inspection of cyclic voltammograms of platinum electrodes in
oxygen-containing electrolytes (Figure 5.1), which show significant peaks for this reaction
close to the equilibrium potential. As discussed briefly in § 5.1, the over-estimation of the
contribution of this reaction on implanted electrodes [188] was one of the drivers behind the
reconsideration of the kinetics parameters. As shown in Figure 5.13, the results for cathodic
pulses using these parameters are much lower. This should be expected, as a low charge
density of 16 µCcm−2 was used to demonstrate the eect of the geometry parameters at
the levels of CI stimulation deemed safe by animal experiments [118,119].
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The results of the models in this chapter are exclusively presented with cathodic pulses, as
a large proportion of CIs and neural prostheses utilise cathodic-first biphasic stimulation
waveforms. As discussed in § 2.1.3, the lagging anodic phase of these waveforms is used
purely for charge balance purposes, however this does not preclude it from interactions
with the leading cathodic pulse. So-called “ratcheting” mechanism of charge balanced
pulses places emphasis on the avoidance of irreversible activity in the leading cathodic
phase, especially to avoid the onset of dissolution processes when the resting potential is
pushed further anodically in the lagging phase [15, 140,182,201]. Therefore, the study of
single cathodic pulses can be justified, as the irreversible currents generated from single
anodic phases would not be representative of the behaviour in the lagging phase of a
cathodic-first biphasic pulse.
The limitation of this assumption is that pulses do not occur in isolation, but rather, operate
as a “train” of pulses. Thus, the behaviour of the lagging anodic phase may have an impact
on the subsequent leading phase of the next pulse, resulting in the development of a
long-term anodic shift in the resting potential. This has been described as a self-regulating
mechanism, which works to the advantage of the leading phase by enabling a greater charge
injection window due to the anodic bias [15, 67]. The model presented in this chapter can
analyse only a single phase at a time, and the selection of the kinetics parameters assumed
that the electrode resting potential was equal to equilibrium potential of platinum in PBS,
which is approximately 0.2V against a Ag/AgCl reference electrode. To adjust for an
anodic bias due to ratcheting, or the use of Anapol stimulation, the kinetics parameters
would require modification. If this is the case, the results provided by this model would
overestimate the currents and charge consumed by irreversible faradaic reactions.
The single phase limitation in this model results primarily from the use of the inverse
Laplace transform used to define the constant phase angle impedance representing the
reversible current pathway. In this model, this reversible current pathway encompasses
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both the double-layer capacitance and the pseudocapacitive reversible faradaic reactions
that occur on platinum electrodes. The use of this lumped impedance provides no way of
measuring the current or charge consumed by the reversible faradaic reactions, and instead,
relies on the balance of impedances provided by the fitted irreversible kinetics to determine
their contribution to the overall delivered current. The addition of diusional “Warburg”
impedances [159,170] to model diusional eects may modulate both the current consumed
by irreversible pathway. Ideally, the influence of mass transport processes governed by
diusion would be modelled as a tertiary current distribution, however the lack of prior
literature for such models pushes it beyond the scope of this thesis. Instead, an empirical
electrical approach is taken for the modelling of these phenomena, by assuming the leaky
capacitor model provided by a constant phase angle impedance. The deficiencies of this
assumption may be exacerbated by the development of inflammatory responses in the scala
following implantation, restricting the convection of the perilymph [153]. The eect of the
inflammatory response is partially addressed in Chapter 6.
Changes in the consumed Q irr are presented in this chapter as evidence of sensitivity to
changes in electrode parameters, such as shape, size, and recess depth. Apart from any
uncertainties associated with the reaction kinetics, the developed FE model is subject to
some discretisation error. This has been quantified in the form of the mesh convergence
study described in § 5.2.2. At the selected mesh densities, the maximum numerical error
between models was found to be below 1% when evaluating whole electrode surface results,
such as σJ and Q irr. The sensitivity changes observed in Q irr exceeded these ranges, and
therefore model errors should be limited to the kinetics approximation. Even with variation
of the kinetics parameters, the overall sensitivity trends should be maintained, as they are
largely functions of the electrode geometry parameters.
The Iirr and Q irr results presented in § 5.2 and § 5.3 are in the range of nA and pA,
respectively. As the overpotential water window defined using these kinetics ranges from
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−0.8 to 0.6V with respect to the equilibrium potential, the validity of such small magnitudes
of current and charge at the simulated clinical levels of stimulation may be questioned.
The manner in which the water window is defined has varied—common methods involves
identify changes in the current response to voltage sweeps or voltage responses to current
controlled stimuli (see § 2.3.4). Brummer and Turner [181] measured the onset of hydrolysis
reactions by observing changes in the potential response to a long constant current pulse,
however they also noted that these changes preceded the bubbling associated with gas
evolution. Similarly, the identification of reactions from peaks in cyclic voltammetry and
other potential sweep methods is still subjective in manner, and is interpreted with the
assumption of an instantaneous homogeneous reaction profile over the electrode surface.
Such an assumption masks the presence of smaller leakage currents at specific locations on
the electrode surface, which may be represented by these small values of Iirr and Q irr. This
is evident in the modelling results by the noted sensitivity of Q irr to the electrode geometry
factors, and the insensitivity of the potential transient to the changes in Q irr.
Residual DC, as a result of improper charge balance, has been discussed in § 2.2.4 as a
safety criterion in CI electrodes, however there is also evidence to suggest electrochemical
origins for these currents [141, 142]. As a result of the ratcheting eect described above,
the passage of Iirr during the leading cathodic phase may drive the anodic bias to produce
the unbalanced residual currents between phases, as the interphase interval is open-circuit.
This would be proportional to Q irr and when measured as a current, is dependent on the
pulse rate. Therefore, a rough estimate of the current attributed to such an eect may be
determined by Equation 5.9.
Iest DC = Q irr × Pulse rate (5.9)
158
CHAPTER 5. EFFECTS OF ELECTRODE GEOMETRY
As an example, the Q irr generated in Figure 5.14 for the 0.3142mm2 half-band electrode
was approximately 1.353 pC. Using Equation 5.9, the estimated DC for an electrode pulsed
at 500Hz is 0.6765 nA, which falls well into the safe range of DC below 100 nA, and is
appropriate for a clinical level pulse. Inversely, the 100 nA limit would require a Q irr of
200 pC. This threshold is exceeded by 32 µCcm−2 for the full-band electrodes modelled
due to the rather strong exponential dependence ofQ irr on charge density. Given the above
assumptions that are judged to overestimate the overall contribution of the irreversible
current pathway, this provides a reasonable approximation of the DC levels (1.2 µA for
400Hz) produced in vivo [130].
5.4.2 Electrode shape
The interactions between the current distributions and the irreversibility measures were
established in Chapter 4. With an arguably more accurate model of the irreversible current
pathway, these characteristics of the current distributions were remained similar to those
found with half-band electrodes. Changes to the electrode shape had obvious impacts on
the primary current distribution, and these impacts were reflected in the σJ,total results
(Figure 5.9). The three additional electrode shapes modelled in this study—full-band,
conformal disc and planar disc—were unlike the half-band electrodes because they did not
feature any vertices in their design. Although it was confirmed that the vertices were key
factors in determining the overall non-uniform distribution on half-band electrodes, both
disc geometries showed noticeably greater σJ,total. This was most evident at high charge
density in Figure 5.9b, where the passage of high Iirr caused an increasingly non-uniform
secondary distribution. At this current density, Figure 5.12b illustrated the irregular be-
haviour of the distributions introduced with the half-band electrode, which varies between
the two extremes of the highly uniform full-band electrodes and the more non-uniform disc
electrodes.
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The greater non-uniformity of the disc electrode distributions may be explained by examin-
ing the primary current distributions in Figure 5.10. The full-band electrode (Figure 5.10b)
exhibited the most uniform case, and featured an extremely sharp gradient of current
density at the very edge of the electrode. This is in contrast to the half-band electrode
(Figure 5.10a), which showed edge and vertex eects evolving at locations further away
from the electrode boundaries. The location of the onset of these current density gradi-
ents towards the periphery is the main reason behind the increased σJ,total and σJ,irr, as
a greater area of the electrode is delivering higher current densities. This was the case
for disc electrodes, and is best demonstrated by the current density profiles shown in the
electrode recessing study (Figure 5.23 and Figure 5.24). In these cases, the profiles on the
circumference of the electrode were at consistently higher current densities, however these
levels were only reached at the vertex (point C) of the half-band electrode (Figure 5.22).
Thus, the vertices of the half-band electrode worked in favour of producing an overall more
uniform current distribution. These tendencies, however, are not translated directly to
irreversibility measures such as Q irr. A rather specific eect was seen at smaller electrode
areas where the half-band electrode consumed higher Q irr than both disc electrodes. This
was attributed to the reduction of the HBW, which increased the Jirr concentration along
the straight edge of the half-band electrode, consuming a greater net amount of Q irr.
In all measures, the conformal disc produced more uniform distributions and consumed
less Q irr than its planar equivalent. The dierence between the conformal and planar
disc geometries was most evident in the current density profiles provided in Figure 5.25.
The non-uniformity, or “bias”, of the circumferential current density profiles was notably
greater on the planar disc electrodes. It was also found to be more pronounced for larger
electrodes. This was attributed to the relationship between the electrode geometry and
the surrounding geometry in determining the distribution characteristics of an electrode.
Unlike the conformal disc electrode, the nodes on the surface of the planar disc electrode
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are not equidistant the insulating curved surface of the cylindrical scala domain. Thus,
the impedances, especially on the edges of the planar disc, are not uniform, resulting in an
increased biasing of the current distribution. The bias, which is still present on conformal
discs, is purely a result of the application of the electrical ground Dirichlet BCs on either
end of the cylindrical scala domain, forcing the current to spread along the axis of the
cylinder after it leaves the electrode surface, which is essentially the basis for the edge
eect as described by Newman for disc electrodes [226]. It follows that the current densities
should be higher at locations on the electrode surface close to the electrical ground.
This simple finding reinforces the idea of near-field, mid-field, and far-field stimulation
scenarios, as cited by Shannon [105]. However, instead of viewing the scenario from the
perspective of the tissue and querying the eect of the electrode, the “far-field” eects of the
surrounding tissue on the “near-field” electrode should also be considered. Considering
the unique anatomy of the cochlea, and the highly specialised nature of CI electrode
arrays, these interactions may have profound eects on the electrochemical behaviour of
the electrodes, and as a result, the electrochemical safety of the stimulation.
5.4.3 Electrode area
Variations of the electrode area were explored in addition to the electrode shape. The most
notable eect of the electrode area can be observed in the Q irr results, where the larger
electrodes consumed greater levels of Q irr. The dierences driven by electrode area under
constant charge density were much more pronounced compared to those driven by changes
in the electrode shape. In vitro studies of electrode sizes have also confirmed the higher
charge injection limits of smaller electrodes [197]. The changes in the electrode area under
constant charge density were therefore accompanied by changes in the delivered charge.
Although these models can only comment on the electrochemical origin of stimulation-
161
CHAPTER 5. EFFECTS OF ELECTRODE GEOMETRY
induced tissue injury, the findings support the hypothesis of both charge per phase and
charge density in determining the damage thresholds for neural prostheses [96, 105].
Smaller electrodes were also found to redistribute charge faster during the pulse (Fig-
ure 5.11), as there is less area required to reach a more uniform distribution, resulting in a
“saturation” of the charge stored at the electrode. The responses of the various electrode
shapes to the changes in electrode area (Figure 5.15b) followed from the current distribu-
tion findings, namely, electrode shapes producing more non-uniform distributions were
more sensitive, and therefore, benefited more from reductions in the electrode area.
5.4.4 Electrode recess
Neural stimulation electrodes often feature recessing of varying depths, which is primarily
a function of the manufacturing methods used. These methods often involve the removal
of a top layer of insulation over a platinum substrate to reveal the electrode surface. Such
recessing is evident surrounding the half-band electrodes in CI arrays, which are embedded
in the insulating carrier to improve the mechanical stability of the electrode contacts,
especially when compared to full-band electrodes used in the original Melbourne array,
which were wrapped around the carrier 2. Thus, the resulting recess depth (RD) does vary
in accordance with manufacturing tolerances. The eect of RD on electrode surface current
distributions has been demonstrated previously with disc electrodes [232], however these
earlier studies attributed “high” local current densities as a measure of stimulation-induced
tissue injury, and did not evaluate the electrochemical responses that could contribute to
stimulation-induced damage. Also, the eect of RD on non-planar electrodes, such as
half-band CI electrodes has not been well-explored.
2Cochlear, Ltd., personal communication, 7 October 2014
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In this study, the relationship between the RD and the current distribution and irreversibility
measures were characterised by the diminishing improvement with increasing RD. σJ values
as a function of RD in Figure 5.21 also followed on from the study of electrode shape.
The geometries exhibiting the most uniform distributions in the non-recessed case showed
the least sensitivity to recessing. For example, the full-band geometry benefited the least
from recessing, mainly due to its inherently low σJ in the non-recessed case. Also, the
lack of sensitivity exhibited by smaller electrodes agreed with their generally more uniform
nature. When recessed, the disc electrodes exhibited lower σJ compared to the half-band
electrodes, which did not agree with the findings of the electrode shape study. Further
examination found that the current density concentrations at the vertices of the half-band
electrodes were more dicult to subdue than the edge eects on disc electrodes, requiring
greater increases in RD to generate more uniform current distributions and reducing the
overall sensitivity to RD. This was especially the case with larger electrodes.
While the reduction of edge eects and current distribution non-uniformity with RD are
easily observed, changes to the consumed Q irr with RD are less obvious. The results
presented in Figure 5.26 obeyed the same relationships in the electrode shape study, but
did not correspond well to the presented σJ measures, which has been the hallmark of the
modelling results thus far. This emphasises the importance of modelling the secondary
current distribution to evaluate changes in electrochemical safety of recessing electrodes.
Once again, the most notable dierence was the behaviour of the half-band geometry,
which consumed less Q irr than the disc geometries despite having a more non-uniform
primary distribution, as illustrated in Figure 5.21a. An examination of the Jirr profiles
revealed that only the vertices of the half-band electrode reach the Jirr levels present at the
edges of the disc electrode. Hence, when numerically integrating over the electrode area,
the contribution of the vertex current concentration is smoothed by the lower Jirr values
at the centre and edges of the electrode.
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Overall, the recessing of the electrode surface increases the uniformity of inherently non-
uniform primary distributions. The response of electrodes with sharp geometrical features,
such as the vertices of the half-band electrode, is highly dependent on the RD. The
responses of the irreversibility measures are more complex due to the eect of the secondary
current distribution, and are arguably less sensitive to RD than what other studies might
suggest through analysis of the distribution alone. The influence of the electrode geometry
on the charge redistribution during the pulse had a key impact in determining the Q irr
responses, and this is not considered in many other studies of electrode recessing [232,233,
241]. There are, however, some aspects of electrode recessing that have not been covered
in this study. Important areas for future modelling studies include the investigation of
the angle of the recess wall with respect to the electrode surface, which was always 90° in
this study, and the shape of the recess wall, which has been investigated experimentally
[218].
5.5 Summary
Based on the methods developed in Chapter 4, an improved model of CI electrodes was
presented in this chapter. Model was used to evaluate the eect of geometrical electrode
parameters, including the electrode shape, area, and recess depth, on the electrode surface
current distributions and irreversibility measures based on gas evolution reactions. This
has resulted in the following key findings.
• The use of the revised water window kinetics provided more accurate representa-
tions of DC leakage currents attributed to irreversible faradaic reactions than the
parameters used in Chapter 4.
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• Of the four electrode shapes tested, full-band electrodes generated more uniform
primary and secondary current distributions when compared to equivalent area half-
band and disc electrodes.
• The vertices of the half-band electrodes attracted concentrations of current density,
however the pronounced edge eect present at both disc electrode geometries had a
stronger influence on the overall current distributions.
• Smaller area electrodes enabled rapid redistribution of currents during current pulses
to more uniform current distributions for all electrode shapes, due to a “saturation”-
like eect.
• Responses of the irreversibility measures were more sensitive to electrode area than
electrode geometry under constant charge conditions, implicating both charge density
and delivered charge (charge per phase) as a factor in the irreversible generation of
electrochemical by-products.
• As suggested in Chapter 4, the influence of the electrode geometry on the current
distribution was reflected in the sensitivity of the irreversibility measures to changes
in electrode shape. In particular, the eect of the half-band vertices resulted in
complex interactions between distributions and the consumed Q irr.
• Dierences between the conformal disc and planar disc electrodes were attributed
to interactions between the electrode surface and the surrounding environment,
which was modelled in this study as a insulated cylinder. Changes in the current
distribution and electric field shape further from the electrode are hypothesised to
aect the electrode surface current distributions, and therefore, the likelihood of
irreversible faradaic behaviour.
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• Electrode recessing increased the uniformity of the primary and secondary current
distributions, however these improvements were limited with increasing recess depth
(RD).
• Improvement of the disc electrodes was evident at shallow RDs, however the suppres-
sion of current density concentrations at the vertices of half-band electrodes required
increased RDs, and therefore, the apparent sensitivity of the distribution to changes
in RD was greatest with half-band electrodes.
• Eects of RD on irreversibility measures are limited compared to the eects on the
current distributions. This was attributed to the additional non-uniform contribution
from the admittance of Iirr.
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Effects of field shape
In the preceding chapter, electrode behaviours were evaluated in response to parameters
specific to the design of a CI electrode contact, or of the immediately adjacent insulating
carrier. A key finding from these studies showed that interactions between the electrode
geometry and the surrounding environment were in part responsible for the observed vari-
ations in irreversible faradaic behaviour. These eects were recognised by sensitivity of the
electrode surface current distributions to the electric field conditions in the bulk electrolyte.
Due to the coupling between these current distributions and irreversible behaviour, it can
be hypothesised that electrochemical safety objectives could be influenced by changes in the
environmental electric field distribution. Indeed, the conditions surrounding the electrode
govern the spreading of current beyond the electrode boundary, which is the basis for the
infinite current densities observed in the primary current distribution of planar electrodes,
otherwise known as the edge eect [226].
In the context of CIs, current spread has a significant impact on the ecacy of the delivered
stimulation [78], mainly due to the tonotopic organisation of spiral ganglion cell fibres as
described in § 2.1.1. Current spread is exacerbated by high conductivity of the perilymph,
which is longitudinally continuous along the axis of the scala tympani, and the low conduc-
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tivity of the encapsulating bone. As a result, there have been several eorts to control the
electric fields generated by CIs. One such eort is the development of novel constrained
stimulation modes to improve the localisation of the recruited fibres [79,80,278], and there-
fore, improve pitch discrimination outcomes (see § 2.1.3). Benefits of these stimulation
modes are not easily realised due to variations in the cochlear anatomy [77], which is also
a key factor in determining the generated field distributions in the cochlea. Anatomical
variations are further compounded by the inflammatory response following surgical in-
sertion of the array, described in § 2.2.4. The formation of encapsulating fibrous tissue
has significant impacts on the electrode impedances [153]. Anatomical eects have been
described using volume conduction models of CIs, which utilise numerical methods similar
to those employed in this thesis [80, 210–216,279,284,284,285]. To counter the eects of
the anatomical variations, curved perimodiolar arrays have been designed to position the
electrode contacts closer to the spiral ganglion fibres [286–288], which has the eect of
lower stimulation thresholds and reducing current spread along the scala [289].
Many of these factors have been studied with regards to the ecacy of CI stimulation,
however their impact on the electrochemical safety of electrodes is unclear. Investigations
of charge injection limits in vivo have found discrepancies between in vitro and in vivo
results [196, 206]. These discrepancies may be a function of the aforementioned factors
and eect on the electrode surface current distributions. However, systematic studies
of these eects are dicult to conduct experimentally. The models and methodologies
described in the preceding chapters are well-suited to perform such studies, due to their
ability to isolate the eects of geometrical and electrical parameters on the irreversible
behaviour used to define electrochemically prudent stimulation.
Thus, the work described in this chapter aims to evaluate the electrode surface current
density distributions and irreversibility measures in response to:
• Variations in the generated electric field as a result of the stimulation mode;
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• Electrode position, as varied in perimodiolar electrode arrays; and
• Decreases in the conductivity of the perilymph, to replicate post-operative inflamma-
tory responses in the scala tympani.
Portions of the work described in this chapter formed part of the following contribu-
tion.
• A. Sue, P. Tran, P. Wong, Q. Li, and P. M. Carter, “Investigations of irreversible
charge transfer from cochlear implant electrodes: in-vitro and in-silico approaches,”
presented at the 2015 Conference on Implantable Auditory Prostheses, Lake Tahoe,
CA, USA, 12-17 July 2015.
6.1 Stimulation mode
Modelling stimulation mode correctly often requires a larger scale model of the scala
tympani array with multiple electrode contacts, and in the case of monopolar stimuation,
a model of the entire head to encompass the location of the monopolar return electrode
[255,284]. Due to the computational cost of executing solutions for the models described
in the preceding chapters, the changes in stimulation mode studied in this chapter were
approximated by varying the boundary conditions (BCs) of the model.
Three distinct BCs were investigated, including:
• Tripolar (TP) mode, which involves the use of the electrode contacts on either side
of the stimulation electrode on the array as return electrodes;
• Bipolar (BP) mode, which involves the use of a single neighbouring electrode on the
array as the return electrode; and
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Table 6.1: Material properties used in the stimulation mode studies.
Domain Material Electrical conductivity Relative permittivity
σ (Sm−1) εr (1)
Electrode Platinum 94.35 × 105 1
Scala Physiological saline 1.4 78
Carrier Silicone 1 × 10−14 4.2
Tissue layer Bone 0.1 1
• Monopolar (MP) mode, which involves the use of an extracochlear electrode placed
far away from the stimulation electrode as the return electrode.
The tripolar results were obtained from the models described in Chapter 5, as the BCs
used for these models were the best representation of tripolar mode without modelling
multiple electrodes.
6.1.1 Methods
The modelling methodology for this study was essentially identical to the revised methods
described in Chapter 5, with a few exceptions to enable the study of the variables in
question. To model the various stimulation modes, the positions of the electrical ground
Dirichlet BC (Φ = 0) were varied as illustrated in Figure 6.1. Figure 6.1a demonstrates
the BCs used to model TP stimuation, where the ends of the cylindrical scala domain
were assigned the electrical ground BC, and required no change to the model geometry.
BP stimulation was modelled in a similar fashion but with only one end of scala domain
assigned the electrical ground BC (Figure 6.1b). It should be noted that this negates the
tranverse plane of symmetry defined in Figure 5.4, and therefore, the BP models were
double the size of the TP models.
MP stimulation was modelled by introducing an additional geometrical domain to model
the tissues between the cochlea and the return electrode, as illustrated in Figure 6.1c.
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Figure 6.1: Boundary conditions used to model various stimulation modes in this study. Locations
of the Dirichlet BC (Φ = 0) are denoted by the red shaded regions. The addition of a tissue domain
(green) is shown in (c) for the monopolar stimulation mode.
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Figure 6.2: Experiment design tree for study of stimulation modes. The parent of each tree defines
the electrode shape, the first level defines the stimulation mode, and the lowest level defines the
electrode area in mm2.
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This domain was also cylindrical in nature, and the electrical ground BC was applied to
its curved surface. The thickness of this tissue layer was modelled at 0.5mm, however
upon discretisation, element expansion was employed using the in-built innite domain
conditions available in the COMSOL (COMSOL AB, Stockholm, Sweden) software. This
places the external boundary of the layer, on which the Dirichlet BC is applied, at an
infinite distance from the cylindrical scala domain. Similar approaches have been utilised
in volume conduction models of the cochlea to model MP stimulation [211, 212, 278].
The material properties assigned to this layer assumed to be purely resistive. Electrical
conductivities of the layer were approximated from electrical conductivity values of bone
used in cochlea models [211,278,279] (Table 6.1).
Both BP and TP stimulation modes were modelled for all the electrode shapes and areas
studied in § 5.2. The MP stimulation mode was modelled only for half-band electrodes. A
constant charge density of 16 µCcm−2 was delivered to each model via a 75 µs constant
current pulse. The experimental design tree is shown in Figure 6.2. Solutions to the FE
model were calculated with the pre-determined mesh parameters in § 5.2.2.
6.1.2 Results
The eects of the BP stimulation mode on the localised current distributions were best
visualised with plots of the irreversible current density Jirr, as shown in Figure 6.3 for
the half-band and full-band electrodes, and Figure 6.4 for conformal disc and planar disc
electrodes. Jirr distributions give an indication of the distribution of irreversible activity on
the electrode surface, and are therefore tightly linked to the irreversible measures, such as
Q irr. On 0.2356mm2 electrodes, “biased” distributions became evident, especially for the
disc electrode geometries. Half-band and full-band geometries exhibited only slight biasing,
noticeable on the half-band geometries in the areas near the vertices. These patterns
were quantified using the normalised standard deviation measures (σJ,total) defined in the
173
CHAPTER 6. EFFECTS OF FIELD SHAPE
(a) Half-band, tripolar. (b) Half-band, bipolar.
(c) Full-Band, tripolar (d) Full-Band, bipolar
Figure 6.3: Jirr distributions for BP and TP stimulation with half-band and full-band CI electrodes.
Electrode area is 0.2356mm2. For BP modes, the electrical grounding BC position is on the right
of the electrodes. Legend units are in Am−2.
174
CHAPTER 6. EFFECTS OF FIELD SHAPE
(a) Conformal Disc, tripolar (b) Conformal disc, bipolar
(c) Planar Disc, tripolar (d) Planar disc, bipolar
Figure 6.4: Jirr distributions for BP and TP stimulation with disc CI electrodes. Electrode area is
0.2356mm2. For BP modes, the electrical grounding BC position is on the right of the electrodes.
Legend units are in Am−2.
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Figure 6.5: Percentage difference in σJ,irr between bipolar and tripolar modes over 75µs current
pulses. Electrode area is 0.2356mm2.
preceding chapters. Since such biasing was absent in the TP stimulation modes, these
distributions were used as the baseline for the BP and MP cases.
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Figure 6.6: Temporal responses of σJ,irr for bipolar, monopolar, and tripolar modes over 75µs
current pulses for half-band electrodes. Electrode area is 0.2356mm2.
Figure 6.5 plots the percentage dierence in σJ,irr between the BP andTP stimulation modes.
At all time steps, the σJ,irr of the BPmode was greater than the corresponding σJ,irr of the TP
mode. Larger dierences indicated a greater sensitivity to the BPmode. A general flattening
of these curves was observed as the Iirr developed, and the rate at which the distributions
stabilised decreased with the overall sensitivity to BP stimulation. The MP case for half-
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Figure 6.7:Q irr consumed during 16µCcm−2 current pulses for the BP and TP stimulation modes.
(a) Tripolar. (b) Bipolar.
(c) Monopolar
Figure 6.8: Jirr distributions for bipolar, monopolar, and tripolar stimulation with half-band CI
electrodes. Electrode area is 0.2356mm2. For BP mode, the electrical grounding BC position is
on the right of the electrodes. Legend units are in Am−2.
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Figure 6.9: Comparison of Q irr consumed during 16µCcm−2 current pulses for BP, MP, and TP
stimulation modes on half-band electrodes.
band electrodes is examined in Figure 6.6, where the σJ,irr is shown for all the three tested
stimulation modes. MP stimulation produced the most non-uniform distribution for Jirr of
three modes, despite not exhibiting any asymmetric biasing associated with the BP mode.
Further graphical inspection of the current density showed an emphasis on straight edge
eects compared with the TP and BP modes (Figure 6.8).
The distribution patterns of Jirr were indicative of the Q irr evaluated for each model (Fig-
ure 6.7). Most notably, all the full-band geometries were generally insensitive to changes
from TP to BP mode. For the electrode areas greater than 0.1571mm2, the BP stimulation
consumed increasingly greater Q irr, with the planar discs consuming the most Q irr in BP
mode. The non-linear response of half-band geometries, detailed and explained in Chap-
ter 5 is evident in the BP mode as well. Figure 6.9 compares the consumed Q irr for the
MP case. In contrast to the BP and TP modes on half-band electrodes, the modelled MP
mode behaved similarly to the BP and TP modes of the disc electrodes. At electrode areas
below 0.2356mm2, Q irr was lower than the BP and TP modes, however at larger areas, the
opposite occurred.
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6.2 Electrolyte conductivity and electrode position
The inflammatory responses in the cochlea following the insertion of a scala tympani array
vary from minimal fibrous encapsulation of the electrode array to ectopic bone formation
within the scala tympani [120,121], as reviewed in § 2.2.4. These tissue responses result in
an increase in the impedances experienced by the implant, and can be attributed to the
reduced conductivity of the tissues relative to the perilymph in the scala tympani [198].
One of the benefits of perimodiolar electrode arrays is reduction of sensory thresholds
by placing the electrode closer to the modiolus, however care must be taken to avoid
damage to the osseous spiral lamina (OSL), beyond which lie the spiral ganglion cells [287].
Insertional damage can cause loss of the spiral ganglion cells, and the increased severity
of the inflammatory responses [288].
Therefore, in this study, the eects of both electrolyte conductivity and electrode position
were investigated, as both parameters are subject to surgical and anatomical factors, and are
linked by the occurrence of trauma to the intracochlear tissues during surgery. To model
the variations in the impedance of the scala tympani environment, the conductivity of the
cylindrical scala domain in the existing models was modified. Additionally, the position
of the carrier and electrode domains was varied within the cylindrical scala domain. The
results of the 0.2356mm2 half-band electrodes from Chapter 5 were used as a baseline for
both parameters.
6.2.1 Methods
A half-band electrode geometry (HBW = 0.3mm, area = 0.2356mm2), described in § 5.2
and shown again in Figure 6.1a, was used for this study. Dirichlet BCs representing the TP
mode (§ 6.1) were applied. The conductivity of the cylindrical scala domain was varied
between 0.2 to 1.4 Sm−1 as shown in Figure 6.10 and Table 6.2. The lower range of these
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0.4 S/m0.2 S/m
0.10 0.2 0.3 …0 0.70.60.5 0.70.4
0.6 S/m
…0 0.7
1.4 S/m
…0 0.7
Figure 6.10: Experiment design tree for the study of electrolyte conductivity and electrode position.
The parent of the tree defines the electrode shape, the first level defines the electrolyte conductivity
in Sm−1, and the lowest level defines the electrode offset (OFFSET in Figure 6.11) in mm.
Table 6.2: Material properties used in the electrolyte conductivity and electrode position studies.
Domain Material Electrical conductivity Relative permittivity
σ (Sm−1) εr (1)
Electrode Platinum 94.35 × 105 1
Scala Fibrous tissue 0.2 to 1.4a 78
/Physiological saline
Carrier Silicone 1 × 10−14 4.2
a 0.2 Sm−1, 0.4 Sm−1 and 0.6 Sm−1 as properties of fibrous tissue.
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Figure 6.11: Model geometry used for the study of electrode position.
Table 6.3: Physical dimensions of the half-band CI electrode model.
Geometry parameter Name Value (mm)
Half-band widtha HBW 0.3
Model length LENGTH 0.85
Array diameter ARRAY DIA. 0.50
Scala diameter BOUNDARY DIA. 2.00
Electrode position OFFSET 0 to 0.7a
a OFFSET was varied in 0.1mm increments.
conductivities was informed by the electrical conductivity of fibrous tissue [290]. All other
material properties remained the same as those defined in Chapter 5.
For each electrolyte conductivity, the position of the carrier and electrode domains was
varied by the addition of an oset, defined from the centre axis of the cylindrical scala
domain to the centre axis of the carrier domain, as demonstrated in Figure 6.11. The
carrier and electrode domains were translated in the direction normal to the electrode
surface, eectively moving the electrode closer to the curved boundary of the scala domain.
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The OFFSET dimension was varied between 0 to 0.7mm in 0.1mm increments. All other
geometry parameters remained as defined in Table 6.3.
6.2.2 Results
Figure 6.12 and Figure 6.13 illustrate the sensitivity of Jirr distributions to the changes
in the electrolyte conductivity and electrode position, respectively. The sensitivity of the
distribution was markedly dierent between the two parameters. Figure 6.12 shows a
highly non-uniform distribution for the lowest conductivity modelled (0.2 Sm−1). For all
conductivities but the baseline (1.4 Sm−1), σJ,irr increased throughout the entire pulse. The
responses to changes in the electrode positions, however, were much more subdued. No-
ticeable dierences were observable only from osets greater than approximately 0.4mm,
and an oset of 0.6mm produced a σJ,irr of greater than one.
The relative sensitivities of the distributions were replicated in the irreversibility measures.
Q irr is shown for all modelled cases in Figure 6.14. The grouped data representing changes
in the conductivity produced much greater gains in the consumed Q irr than the changes
in electrode position. The disparity between these sensitivities warrants the use of the
logarithmic scale. Only at the extreme electrode oset of 0.8mm does the consumed Q irr
match the sensitivity of the electrolyte conductivity variations.
6.3 Discussion
The results presented for both studies described in this chapter have emphasised the eect
of far-field influences on the localised phenomena occurring at the electrode surface. It
should be noted that each of these influences—stimulation mode, inflammatory responses,
and the use of perimodiolar arrays—are important in the clinical application of CIs. The
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Figure 6.12: Temporal responses of σJ,irr for various electrolyte conductivities with the electrode
at zero offset.
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Figure 6.13: Temporal responses of σJ,irr for the various electrode positions.
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Figure 6.14: Comparison of Q irr consumed for the electrolyte conductivity and electrode position
study. The vertical axis is expressed in a logarithmic scale.
sensitivity of the irreversibility measures to such parameters has particular consequences
regarding the electrochemical safety of CI stimulation.
6.3.1 Stimulation mode
Stimulation modes have a large influence on the generated electric field in the tissue, and as
a result, research has focused on utilising this influence to produce locally restrictive fields
within the cochlea [79,80,291]. “Multi-polar” stimulation modes utilise all the electrodes on
the array to minimise channel interactions and increase spectral resolution of the delivered
stimulation [79, 80]. The tuning of these modes to match impedance data, may result in
irregular spread of current at the level of the electrode, in order to deliver more specific
stimulation at the level of the tissue. Although the model described in this chapter does
not incorporate the entire electrode array, the biasing observed in the BP cases does show
that in principle, irreversible electrochemical behaviour may be increased by stimulation
modes that require dramatic shifts in the generated field.
The eect of electrode shape is also evident in theQ irr measures (Figure 6.7). The influence
of the field shape on disc electrodes is exacerbated by the application of BP mode, as seen
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in Figure 6.4. As described in § 5.4.2, the influence of the vertices of the half-band electrode
detract from the biasing eect seen in the disc electrodes. Additionally, the eects of the
biased field shape were diminished with smaller electrodes, as they are far from the specified
return, and the “saturation” of their current distributions (§ 5.4.3) are quickly reached.
Equivalent area full-band electrodes have exhibited the lowest levels of irreversibility and
non-uniformity throughout all the modelling studies performed in this thesis. Geometrically,
these electrodes feature the largest perimeter, which is dependent only on the size of the
carrier and is therefore independent of the electrode size. The extended perimeter reduces
the amplification of the current densities at the edges, resulting in lower and more uniform
distribution of current.
The model of MP stimulation described in this study is highly simplified, and ignores the
presence of the other tissues in the head apart from bone. Although it was noted that other
modelling studies [211, 212, 278] have adopted similar approaches to investigate neural
responses, the eects of this assumption on the results in this study should not be ignored.
By placing the Dirichlet electrical ground BC at an infinite distance away from the scala
domain, the electrical conductivity of bone becomes an important parameter. Preliminary
testing of this value showed that variations within the accepted values for bone conductivity
had sizeable eects on the access voltage (see Figure 5.16), and this was supported by
investigations in more anatomically accurate models of CI stimulation [256, 279]. As a
result, the bone impedance impacted on the current spread within the scala domain, and
therefore the current distributions on the electrode surface. This was demonstrated by
the increased σJ,irr and Q irr values for the MP case at larger electrode areas, where the
behaviour the half-band electrode tends towards that of a disc electrode. At these large
electrode areas, the impedance of the bone may become a greater factor in determining
the shape of the field, and the excess impedance may drive greater levels of irreversibility
from the electrode. In any case, the field generated by MP stimulation caused the electric
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field to spread away from the electrode in all directions, as opposed to the TP and BP
conditions, where the field distribution was biased along the axis of the scala domain. As
a result, Jirr became less focused at the vertices of the electrode, and more focused on
the straight edge that defines the half-band width. In contrast, the smaller electrodes are
influenced by the eect of the electrode geometry and its eect on current spread.
In a more anatomically accurate model, a more irregular current spread may result, due
to the addition of low resistance current pathways [284], and thus an intermediate level of
irreversible behaviour may result. The uncertainty in these models is driven largely by the
unknown pathways of current generated by these stimulation modes within the cochlea.
To better define these eect on electrochemical safety, more accurate BCs and anatomical
descriptions are required, but these are unfortunately beyond the scope of this thesis.
6.3.2 Electrolyte conductivity and electrode position
In addition to stimultation modes, the translation of the electrode closer to the modiolus
has also provided an avenue for increasing the ecacy of CI stimulation [289]. The resulting
reduction in sensory thresholds using perimodiolar arrays is a consequence of the reduced
distance between the electrode and the spiral ganglion cell fibres. Electrical current must
therefore be allowed to pass through the osseous spiral lamina. The model described
in this study assumed a completely insulated scala tympani, representing a “worst-case”
scenario in terms of stimulation ecacy. Nevertheless, the results are useful in considering
the impact of the proximity of the electrode to resistive anatomical structures. One such
case is in the encapsulation of the electrode array by fibrous tissue. The model in this
study uses a simplistic representation of this process by decreasing the conductivity of
the scala domain. Realistically, a small gap exists between electrode surface and the
fibrous capsule [249]. Combining the two eects in this study assists in the evaluation of
stimulation safety in confined environments.
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Analysis of the irreversibility measures showed the insensitivity of the model to electrode
position until it reached the near maximum electrode oset at 0.6mm. At this oset, the
nearest distance of the electrode surface to the insulating wall of the scala domain was
0.15mm, separated by a small amount of electrolyte. The proximity to the insulating
wall distorted the local electric field, which drove further non-uniformity of the current on
the electrode surface. This eect was further amplified by reductions in the electrolyte
conductivity. Even without an electrode oset, the eect of a resistive electrolyte on the
current distribution and irreversibility measures were still evident, especially at 0.2 Sm−1.
The reduction in electrolyte conductivity eectively distorted the local electric field by
blocking the current flow on more central areas of the electrode, and emphasising the
eect of the tripolar boundary condition. The current distributions on the electrode were
much more non-uniform as a result (Figure 6.12)
Notably, at the lowest electrolyte conductivity of 0.2 Sm−1 and the maximum electrode
oset of 0.6mm, the eect of the electrode position pushed the consumed Q irr past 100 pC
at an oset of 0.6mm. Utilising Equation 5.9, the estimated DC level for a pulse rate of
100Hz is over 100 nA, which is a recognised limit for DC (§ 2.2.4). As prefaced in § 5.1.2,
the kinetics used in this model probably overestimate this DC level, however, the rapid
increase in Q irr as the field becomes distorted suggests that electrode positioning may play
a role in defining charge injection limits in vivo.
Discrepancies between in vitro evaluations of electrochemical safety and in vivo charge
injection limits have been recognised in the literature [196,206]. In this model, the biological
environment has been shown to have a considerable eect on the irreversible processes at
electrodes. It should be noted that the lowest electrolyte conductivity used in this study
(0.2 Sm−1) is commonly referenced in studies of intracortical and DBS stimulation as
the homogeneous conductivity for neural tissue [269]. In these applications, cylindrical
electrodes similar to the full-band geometries are used, and the electrodes are larger in size
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(see Table 2.2). However, the dramatic changes in the irreversibility measures observed in
this model emphasises the impact of the biological surroundings on the electrochemical
safety of stimulation.
6.4 Summary
Using the modelling methodologies developed throughout this thesis, stimulation and
environmental parameters that influence the electric field generated from CI electrodes
were investigated. These included stimulation mode, electrode position, and the electrolyte
conductivity. Their impact on electrode surface current distributions, and the irreversibility
measures based on the water window, were evaluated and resulted in the following key
findings.
• A comparison of the stimulation modes found that bipolar (BP) stimulation generated
more non-uniform secondary distributions on electrode surface, which translated to
the increased consumption of irreversible charge. This eect was diminished with
smaller electrodes.
• The interactions between the scala geometry and disc electrodes studied in Chapter 5
were emphasised with the skewed field distribution induced by BP stimulation.
• Monopolar (MP) stimulation was studied using an infinite return, and was found to
subdue the eects of the vertices at half-band electrodes. The importance of anatom-
ically accurate models to replicate the field shapes generated by MP stimulation was
noted.
• Changes in the electrode position were found to have an eect on the irreversibility
measures only when the electrode was in close proximity to the wall of the scala
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domain. This was attributed to the distortion of the electric field, and hence, the
current distribution on the electrode surface.
• Electrolyte conductivity was found to have the largest eect on the current distribu-
tions and irreversibility. Decreases in the bulk conductivity drove more non-uniform
current distributions and greater irreversible charge. These decreases also sensitised
the eect of electrode position.
• The study of these parameters emphasised the influence of the electrical properties
of the biological environment in the determination of in vivo stimulation safety.
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In vitro validation of field shape effects
As discussed in Chapter 3, very few techniques exist to measure the spatial distribution
of current on electrode surfaces in vitro, and those that do exist are often limited in their
application towards neural stimulation electrodes [150,219–221]. Therefore, a large body of
work, reviewed in Chapter 3, has attempted to theoretically derive the current distributions
for a range of electrodes under various conditions. In the interest of the electrochemical
safety of neural prostheses, the models developed in the course of this thesis have modelled
the current distributions, but have also enabled the prediction of irreversible faradaic
activity. The accompanying investigations detailed in the preceding chapters have provided
results that may be validated in vitro, using the available techniques discussed in § 2.3.4.
Validation of these findings is necessary due to the uncertainties of the modelling methods,
including the use of the water window to define irreversible currents.
The work described in this chapter involves a brief suite of experiments designed to gauge
the accuracy of the created numerical models of electrochemical safety. Therefore, the
described experiments aimed to:
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• Measure and relate the polarisation voltage and DC from stimulation of CI electrodes
in vitro;
• Evaluate the response of the polarisation voltage and DC to stimulation mode
changes, as modelled in Chapter 6;
• Consider the eects of constrained electric fields in vitro on polarisation voltage and
DC; and
• Compare the in vitro experimental results with the trends obtained from the modelling
studies.
A minor portion of these experiments was included in the following contribution.
• A. Sue, P. Tran, P. Wong, Q. Li, and P. M. Carter, “Investigations of irreversible
charge transfer from cochlear implant electrodes: in-vitro and in-silico approaches,”
presented at the 2015 Conference on Implantable Auditory Prostheses, Lake Tahoe,
CA, USA, 12-17 July 2015.
7.1 Methods
7.1.1 Apparatus
The experiments were conducted in the Implant Technology Lab at Cochlear Ltd., Mac-
quarie Park, Sydney. A straight banded electrode array from a Cochlear Nucleus Freedom
implant (CI24RE(ST)) was sourced for the experiments (Figure 7.1a). This electrode
array was soldered to a 25-pin D-sub (DB-25) connector (Figure 7.1b), which allowed for
the separation of individual channels and connection to other components. Stimulation
was delivered by a CI24RE implant emulator with Freedom sound processor (Figure 7.2a),
controlled by the StimCon testing software (Cochlear Ltd.). Additionally, a plate electrode
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(a) CI24RE(ST) electrode array. Sourced from Cochlear Ltd.
(b) DB-25 connector. (c) Extracochlear return electrode.
Figure 7.1: CI24RE(ST) electrode array and DB-25 connector. The array has 22 active electrode
contacts (labelled 1 through 22), and 10 unconnected platinum stiffening rings on its basal end
(labelled A to J).
was attached to the extracochlear electrode (ECE) channel of implant. This electrode was
thermally welded to platinum wire to enable attachment to the ECE channel.
Dulbecco’s phosphate buered saline (D8537, Sigma-Aldrich, St. Louis, MO) was used
as the electrolyte in all the experiments. Prior to stimulation, the dPBS was bubbled in a
beaker with argon gas (95 % argon–5 % helium) for 30 minutes. Following this, electrodes
were pre-conditioned by stimulating in common ground (CG) mode with cathodic-first
charge balanced biphasic pulses (1.75mA, 100 µs).
7.1.2 Potential transient measurements
Potential transient measurements, namely polarisation voltages, have previously been used
to define charge injection limits based on the water window potentials [67,74,184]. Potential
transients resulting from the current pulses were measured using a bridged DB-25 connector
between the implant and the electrode array. A Tektronix TDS3034C digital oscilloscope
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(a) CI24RE implant emulator. (b) Nucleus Freedom speech processor and
programming pod.
Figure 7.2: Implant emulator and programming pod used to deliver stimulation to the electrode
array.
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560 Ω
100 kΩ
3.3 μF
100 kΩ
Electrode Implant
(a) Measurement circuit.
(b) Board with 24 channels.
Figure 7.3: Measurement circuit used for the experimental DC measurements.
was used to record the waveforms with a voltage probe. All potential measurements were
made in isolation with a Ag|AgCl|Cl– reference electrode (CHI111, CH instruments, Inc.),
which was placed in the dPBS. To prevent ground loops occurring between equipment,
the oscilloscope and reference electrode were disconnected when the DC measurements
were made.
7.1.3 DC measurements
DC leakage currents have been linked to the occurrence of faradaic reactions [141, 142],
and provide the closest analogue to the irreversibility measures calculated in the modelling
studies. To measure the DC over a continuous train of pulses, a circuit, shown in Fig-
194
CHAPTER 7. IN VITRO VALIDATION OF FIELD SHAPE EFFECTS
Pulse
width
Frame period
Interframe gap/
shorting period
Interphase
interval
Cu
rre
nt
0 Time
Figure 7.4: Constant current cathodic-first biphasic pulse used in the experimental studies.
ure 7.3, was placed in between the implant emulator and the stimulation electrode. Voltage
measurements were made over the 3.3 µF capacitor using a high sensitivity multimeter
(Hewlett-Packard 34401A Multimeter). Values were allowed one minute to settle to a stable
value before each measurement was taken. DC was calculated by dividing the voltage value
by 560Ω resistor.
7.1.4 Stimulation protocol
In all cases, the constant current cathodic-first biphasic pulses were used, as shown in
Figure 7.4. The interframe gap was a constant 1.4ms, and the interphase interval was set
to 10 µs. The amplitude and phase width of the pulses were varied to deliver the specified
charge.
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Baseline experiments
To establish the relationship between injected charge, polarisation voltage, and DC, base-
line experiments were conducted. The amplitude of the pulses used in these experiments
was 0.5mA, and the pulse widths were varied from 25 to 250 µs, to produce varying charge.
For each set of parameters, the polarisation voltage and DC were measured at ten separate
electrodes on the array. These experiments were repeated for both bipolar and monopolar
stimulation, using the ECE channel with the plate electrode.
Stimulation mode experiments
To study the eect of stimulation mode, constant charge experiments were conducted at
varying phase widths. A constant charge of 170 nC was delivered using monopolar (MP),
bipolar (BP), and tripolar (TP) stimulation to ten separate electrodes on the array. To stay
below the current limit of the implant, pulse widths were varied from 100 to 300 µs, and the
current scaled accordingly (1.7 to 0.567mA). Polarisation voltages were also measured for
these stimulation modes in a confined environment, by positioning the electrode array in
a 3.5mm diameter polyurethane tube submerged in dPBS. For MP mode in this confined
case, the return electrode was placed outside of the tube.
7.2 Results
The measurement of polarisation voltage has been performed by subtracting the maximum
height of the voltage transient (∆V) from the access voltage (Va) [283], as shown in Fig-
ure 7.5. This is usually done in a two electrode system, where the reference electrode is also
the counter electrode. In such a system, there is no external reference for the interpulse
potential (Eipp), and therefore, no information on the absolute potential of the electrode is
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A voltage transient of an AIROF microelectrode in response to a biphasic, symmetric (ic = ia) current pulse.
the higher current density. A relevant observation from Figure 14 is the behavior of the potential
in the interphase region when i = 0. The AIROF was pulsed from a fixed Eipp of 0.6 V, and
the charge/phase was constant at each pulse width. Therefore, the equilibrium potential of the
electrode (Eo), measured approximately 1.1 ms after the end of the pulse and before the anodic
recharge back to Eipp, should be nearly equal for all pulse widths, which it is (Eo = 0.25–0.28 V).
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Comparison of voltage transients of an AIROF microelectrode pulsed at 48 nC phase−1 at pulsewidths from
0.1–0.5 ms.
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Figure 7.5: Pot ntial transient measur ments sh wing polarisation voltage as measured from a
biphasic current pulse. Sourced from [74].
available. In this chapter, a three electrode system is used as the electrode potential is crucial
to the determination of irreversible behaviour. As a result, the definition of polarisation
voltage must include the Eipp. This is the basis behind the “ratcheting” phenomena ob-
served in charge balanced biphasic pulses, which can act to increase the safe operating
window of the electrode. Thus, polarisation voltage in this study was defined as Emc, as
defined in Figure 7.5.
7.2.1 Baseline experiments
The results of the baseline experiments are presented in Figure 7.6 and Figure 7.7. In these
graphs, the error bars represent a 95 % confidence interval. With increasing phase width,
and therefore charge, the baseline polarisation voltages (Figure 7.6) increased in an almost
linear fashion. At approximately 150 µs, there was a non-linearity, which caused both MP
and BP curves to plateau near 0.25V vs Ag|AgCl|Cl– . MP consistently produced lower
polarisation voltages than BP mode at all pulse widths (paired t test, p < 0.0001). The DC
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Figure 7.6: Baseline polarisation voltage measurements.
curves presented in Figure 7.7 show an almost exponential relationship with increasing
charge, however at larger phase widths, the rate of increase slowed, especially for the MP
case. At these baseline conditions, the DC levels of MP and BP were not found to be
significantly dierent from each other.
Figure 7.8 plots all the baseline DC values as a function of their polarisation voltage,
which resembles the current-overpotential plots used to describe Butler-Volmer kinetics
(Figure 5.2).
7.2.2 Stimulation mode
Under constant charge conditions, the polarisation voltages and DC measurements are
shown in Figure 7.9 and Figure 7.10, respectively. The polarisation voltages decreased with
increasing phase width. Significant dierences were detected between the three stimulation
modes. Polarisation voltages of TP mode were found to be lower than bothMP (p < 0.0017)
and BP (p < 0.0015). BP mode produced the highest polarisation voltages, greater than
MP (p < 0.0031)
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Figure 7.8: Baseline polarisation voltage to DC relationship.
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Figure 7.9: Polarisation voltages for MP, BP, and TP modes.
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Figure 7.10: DC measurements for MP, BP, and TP modes.
The dierence between the stimulation modes for the DC measurements (Figure 7.10)
also followed a similar trend. Once again, TP stimulation produced the least amount DC
compared to BP and MP modes (p < 0.0001), and the BP mode produced the most DC.
The correlation identified with phase width, however, was not as obvious here. Only TP
mode produced monotonically decreasing DC values with phase width.
Polarisation voltages taken in the confined environment (Figure 7.11) were markedly dier-
ent from those in Figure 7.9. In this case, BP and TP modes produced lower polarisation
voltage values than the MP mode. Beyond 150 µs, MP stimulation exhibited a sharp
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Figure 7.11: Polarisation voltage for MP, BP, and TP modes in a confined environment.
increase in the polarisation voltage, against the decreasing trend exhibited in the non-
constrained cases.
7.3 Discussion
In this brief chapter, a series of potential transient and DC measurement experiments were
conducted to replicate the conditions of the modelling studies, detailed in the preceding
chapters of this thesis. Given the large area of the banded CI array electrode contacts
(approximately 0.57mm2), a direct comparison with the existing modelling data was not
made. The charge densities generated by the stimulation delivered during these experi-
ments was in the range of 2 to 30 µCcm−2, which was similar to the modelling conditions
in the earlier chapters, however the delivered charge per phase was significantly higher, at
a maximum of 170 nC per phase for the stimulation mode study.
The baseline polarisation voltage measurements were in general agreement with the mod-
elling results in Chapter 5 and 6. In an unconstrained scenario, the current spread along
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the array in MP should be less than in BP, where the current is heavily biased due to the
proximity of the return electrode to the stimulation electrode. This would theoretically
result in the more non-uniform distribution and associated increase in irreversible activ-
ity. The plateau in the polarisation voltages mimics the shape changes observed in long
phase width studies of the potential transient [178, 181]. These studies were conducted to
determine the onset of faradaic reactions occurring on platinum electrodes.
The potential at which flattening of the transient occurs was relatively low, and not at the
expected water window potentials, which suggests the occurrence of a reversible faradaic
reaction. A shift in the interpulse potential was also noted in these potential transient
experiments, especially for monopolar stimulation and during long pulse widths. The ECE
channel of the CI used in these experiments is capacitively coupled, which can deliver
these shifts when charge is lost to irreversible activity [140, 201]. These changes are also
prevalent in shorted stimulation if the counter electrode is large enough. Therefore, the
use of the three electrode system described in this chapter was imperative, as it accounted
for these anodic shifts.
The baseline DC measurements in Figure 7.7 exhibited an exponential-like curve in re-
sponse to the charge per phase, which agrees with the assumptions made with the Butler-
Volmer equation. However, at the beginning of plateau in the potential measurements, the
DC measurements also exhibited a similar phenomenon, deviating away from the exponen-
tial relationship. This further supports the onset of a diusion-limited reversible faradaic
process occurring at the electrode. When all the DC measurements were considered
together (Figure 7.8), a noticeable exponential trend was still evident.
Comparisons of the MP, TP, and BP modes provided the strongest evidence supporting
the results of the modelling in Chapter 6. In both the polarisation voltages and DC mea-
surements, TP stimulation delivered the least probability of faradaic behaviour and BP
delivered the most. Notably, the sensitivity of the polarisation voltages (Figure 7.9) to
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changes in stimulation mode is quite low compared to the DC measurements (Figure 7.10).
This lack of sensitivity was also replicated and discussed in the modelling studies explor-
ing the eect of electrode shape (Chapter 5). In contrast, the distinction between the
stimulation modes in the DC measurements is much stronger.
In § 6.3.1, the validity of the MP model was discussed. While the in vitro measurements
made in MP are still not ideal in determining the actual behaviour of MP in vivo, they do
support the notion of that MP stimulation is heavily reliant on the electrical conditions
of the surrounding environment. This is emphasised in the confined stimulation case,
where the electrode array is positioned in a polyurethane tube. The polarisation voltages
in Figure 7.11 show a marked departure from the behaviour of the MP mode in an open
beaker. Although DC measurements were not made in this confined case, the polarisation
measurements do mirror the trend shown for the MP case in Chapter 6, where the irre-
versible charge consumed was greater than that of TP and BP modes. The results from
the confined case in this experiment, however, were less reliable than those obtained in a
beaker. This could be due to a number of factors, including a deficiency in the positional
control of the electrode within the polyurethane tube, and the eect of the diusional
constraints resulting from the narrow diameter of the tube. Nevertheless, the marked
dierences observed in these constraints only serve to emphasise the dierences between
in vitro electrochemical evaluations of electrodes and the real scenarios in vivo.
The experiments presented in this chapter have exposed the eects of the stimulation mode
and stimulation environment on safety measures such as polarisation voltages and residual
DC. Despite this, a high degree of variability in the magnitudes of these measures has
also been demonstrated in the results across numerous sample repetitions. This variability
prevents a more solid quantitative validation of the modelling results presented in the
preceeding chapters of this thesis, especially those involving changes in the stimulation
environment. To enable a more comprehensive experimental study into the relationships
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developed through the models, improvements to the conditions of the experimental setup
can be made to address the sources of this variability, including:
• The elimination of any diusion restrictions limiting the electrochemistry at the
electrode, which may be achieved through regular and consistent agitation of the
electrolyte;
• The microscopic inspection of the electrodes, to confirm the stability and consistency
of the electrode surface for stimulation;
• Greater control over the position of the electrode array, possibly by use of a micro-
manipulator and purpose-built testing chamber;
• A larger monopolar counter electrode, which is symmetric about the axis of the
electrode array to mimic the MP boundary condition in the model; and
• The reduction of electronic noise in the measurements by performing the experiments
within a “Faraday cage”.
With the necessary improvements in equipment and controls, the variability of the re-
sults is expected to decrease. The greater controls in the experiment would allow for
more extensive investigations, such as the variation of electrode position as modelled in
Chapter 6.
7.4 Summary
In this chapter, a brief series of in vitro experiments are described that emphasise the
influence of the field shapes generated by stimulation modes and physical factors in the sur-
roundings of stimulation electrodes. The results of these experiments agreed qualitatively
with the findings of the models in Chapter 5 and Chapter 6. The resulting key findings in
this chapter follow.
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• With increasing delivered charge, the polarisation voltages in this study exhibited a
non-linear flattened response, resembling those observed in previous experimental
studies, which associated them with faradaic activity.
• Exponential-like responses of the measured DC to polarisation voltage were observed,
similar to the exponential relationships derived from slower rate electrochemical
studies.
• Comparisons of monopolar, bipolar, and tripolar stimulation modes showed notable
dierences in the measured DC. The DC results agreed qualitatively with the results
of the preceding modelling studies.
• Confining the generated field by positioning the electrode in a polyurethane tube re-
sulted in a highly variable MP response. Such a response emphasises the importance
of physical environmental factors in the determination of electrochemical behaviour.
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Conclusions
At its core, this thesis addresses the safety of stimulation electrodes by evaluating their
electrochemical responses using the finite element method. As discussed in Chapter 2,
excessive electrical stimulation delivered by neural prostheses such as the cochlear implant
(CI) may result in injury to tissue. This stimulation-induced tissue damage has been
investigated thoroughly in the cerebral cortex, and two key damage mechanisms have
been identified: physiological “mass-action”, and the electrochemical generation of toxic
by-products. The contributions of each of these mechanisms, and their relevance in the
CIs remains unclear.
The work described in this thesis is driven by the possibility of electrochemically-based
injurious processes. Under certain conditions, electrode corrosion [16,91] and localised pH
changes [142] near the electrode surface have supported the occurrence of these processes.
Additionally, there have been suggestions of a relationship between the thresholds of tissue
damage and the distribution of charge and currents on the electrode surface [105]. Due to
the inherent relationship between these distributions and the electrochemical behaviours
of an electrode, the use of a model to investigate these eects on the “electrochemical
safety” of stimulation is beneficial to the greater field of stimulation safety. Teasing out the
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factors responsible for electrochemically-based damage processes contributes to the further
understanding of their contribution to stimulation-induced damage in CIs and other neural
prostheses.
8.1 Thesis findings
8.1.1 Model development
One of the primary aims of this thesis was to develop a time-dependent model capable of
predicting the reactions at discrete points on the electrode surface. The models developed
over the course of this thesis fulfil these requirements. The preliminary model developed in
Chapter 4 incorporated a time-dependent formulation of both the non-faradaic, reversible
faradaic, and irreversible faradaic processes known to occur at the surface of platinum
stimulation electrodes. Using the finite element method, the spatial distribution of the
currents associated with these processes were determined. By providing a solution in the
time-domain, the total level of irreversible faradaic reactions was quantified, and resulted
in the irreversibility measures used in subsequent studies detailed in this thesis. Further
improvements to this model were detailed in Chapter 5, including the development of
improved kinetics to specifically model the hydrolysis reactions. This was the first use of a
neural stimulation electrode model that considered the surface distribution of current to
quantify the charge committed by an electrode to “water window” reactions. This metric
can be used to give a tentative estimate of the residual DC.
Although validation of the modelled current distributions would prove to be dicult task,
the irreversibility measures calculated by the model in response to various factors were
validated using existing in vitro techniques. The quantitative results of the modelling studies
were dicult to match to the experimental results due to dierences in the experimental
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conditions. General agreement of the findings provided confidence for the use of this type
of model in the study of electrochemical safety. Further experimental studies are warranted
to further validate and fine-tune the model to match observed electrochemical behaviours,
especially in response to the modelled environmental changes in Chapter 6.
8.1.2 Factors affecting electrochemical safety
The second aim of this thesis was to investigate how the geometry of neural stimulating
electrodes and their surrounding environment aect distributions of current densities and
electrochemical reactions during current pulses. The studies conducted in Chapters 4 to 6
have explored the relationships between the electrode geometries and shape of the sur-
rounding electric field on the distribution and irreversibility measures provided by the
model. Specifically, the geometries of common CI electrodes have been studied under
conditions similar to those exhibited in the cochlea.
The eect of the commonly used half-band electrode geometry on the distribution of
current densities and electrochemical reactions was investigated in Chapter 4. It was found
that under the conditions of stimulation within a scala tympani-like chamber, the current
distribution on half-band electrodes exhibited edge eects at the periphery of the electrode,
in particular, at the straight edges and vertices of the contact surface. When considering
the electrochemical reaction profile on the electrode surface, the admittance of currents
associated with irreversible reactions were non-uniform as well, tending towards the edges
and vertices of the electrode.
Further examination of other electrode geometries in Chapter 5 revealed the interactions
between electrode size and shape, and the eect of reducing the distribution non-uniformity
by recessing the electrode surface. Smaller electrodes were found to redistribute current
faster than larger electrodes, resulting in lower levels of irreversibility at constant charge
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densities. Reductions in the electrode area diminished the eect of the electrode geometry
on both distributions and the net irreversibility. Further improvements to the distribu-
tion were observed when recessing the electrodes, however these improvements were still
governed by the electrode shape and size.
Influences of the environment external to the stimulation electrode were considered in Chap-
ter 6. The environmental parameters studied included the stimulation mode, electrode
position and electrolyte conductivity. The results of this study supported the hypothesis
that far-field changes in the environment that aect the generated electric field can have an
impact on the distributions and irreversibility at the level of the electrode. The implications
of these results were specific to CIs as the unique anatomy of the cochlea, the position
of the electrode in the scala tympani, and the magnitude of the tissue response have a
large impact on the ecacy of CI stimulation. Although the impact of the stimulation
modes was partially validated in Chapter 7, the need for anatomically accurate models and
realistic boundary conditions to replicate the electric field in vivo was cited as a significant
limitation of the current model.
8.2 Limitations and recommendations
The modelling results in this thesis have provided a useful insight into the behaviour
of platinum stimulation electrodes under varying conditions, however, there are some
limitations. These are presented below, with recommendations of future work that will
improve the reliability and utility of the model. Additional studies that may be performed
with the model are also discussed.
Irreversible faradaic reactions have been modelled by the Butler-Volmer equation in this
model, however the occurrence of reversible faradaic reactions have not been modelled
explicitly. Instead, these reactions have been lumped into the pseudocapacitance term
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governed by a constant phase angle impedance, that also includes the capacitive charge
injection behaviour of the double layer. To model the behaviour of the reversible reactions
and their distribution on the electrode surface, the full current-overpotential equation
(Equation 2.11) should be incorporated. This may involve the solution of a tertiary current
distribution by solving the Nerst-Planck equation (Equation 3.5).
The models described in this study have been limited to single cathodic or anodic phases
of a biphasic pulse due to the definition of the constant phase angle impedance in the time
domain. The interactions between these pulses, especially during the interphase interval,
which may result in the “ratcheting” of the electrode resting potential. To simulate these
eects, the Fourier approach utilised by other modelling studies [240, 263, 280] may be
adopted.
As alluded to earlier in these concluding remarks, the reliability of the model’s findings
relies on its validation with experimental data on the electrochemical behaviour of stim-
ulation electrodes. The kinetics parameters used to define the irreversible activity in the
model are approximated from published voltammetry data. While this is an improvement
on the preliminary model, the voltage scan rate is still slow compared to the fast pulsing
used in neural prostheses such as CIs. Therefore, the kinetics parameters should be fitted
to data obtained representative of the behaviour of pulsed stimulation electrodes. Alterna-
tively, the response of the model to the kinetics parameters could be further characterised,
and the correct values obtained using inverse methods based on experimental data.
Validation of the modelling results requires a comprehensive suite of experiments. Greater
control of the electrode parameters and experimental set-up in any validation experiment
is crucial, especially with the variability of experimental measures of stimulation safety
outlined in Chapter 7. The importance of the stimulation environment may be validated
by creating specialised testing chambers using tissue phantoms. Scanning electrochemical
microscopy (SECM) may provide a path towards validating current distributions, however
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this technique may need to be adapted to work within confined stimulation environments,
and to prevent excess disruption of the electrode surface during stimulation. The ultimate
goal would be to replicate realistic in vivo scenarios, whilst obtaining data that could be
compared directly to the in silico methods. This would give a full characterisation of the
electrochemical safety characteristics of an implanted electrode array.
Anatomically accurate models will enable a more accurate depiction of the electric field
generated by neural prostheses, especially in the case of CIs. Work has been conducted
in this area in companion theses [279, 284]. One advantage of using the finite element
method in this model is the ability to incorporate these eects into these anatomically
accurate models. Such a multi-scale model may uncover interactions between the current
conduction in tissue, and the safety of stimulation.
Finally, the modelling work described in this thesis contributes to the understanding of
the electrochemically-based mechanism of stimulation-induced tissue damage, and informs
the design of electrodes for electrochemically prudent stimulation. Future work may focus
on providing a model of the physiological mass-action damage process. Combining these
two eects will inform the design of safer and more ecacious neural interfaces.
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Appendix A
COMSOL model code
This appendix contains sample code written in the Java language, which can be compiled
and run in COMSOL to create the models developed in this thesis. The end result is an .mph
file, which can opened and modified in the COMSOL program. A more comprehensive
set of code used in this thesis can be found in the following online repository:
https://github.com/riverol/modelling-ci-safety
/*
* HalfBandRecess.java
*/
import com.comsol.model.*;
import com.comsol.model.util.*;
public class HalfBandRecessSymmetric {
public static Model run() {
Model model = ModelUtil.create("Model");
// Basic info about model
model.modelPath("/HalfBandRecess");
model.label("HalfBandRecessSymmetric.mph");
// Parametise the model
model.param().set("LENG", "0.85[mm]", "length of the domain, based on 0.55mm electrode pitch");
model.param().set("DARR", "0.5[mm]", "diameter of the array at level E6");
model.param().set("DCYL", "2[mm]", "diameter of the scala tympani, approximate");
model.param().set("ETH", "0.1[mm]", "electrode pad thickness, arbitrary");
model.param()
.set("recess", "0.06[mm]", "the normal distance between the surface of the electrode and the outer
surface of the silicone carrier.");
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model.param().set("area", "0.0785[mm^2]", "Geometric area of the electrode");
model.param().set("ChargeDensity", "8[uC/cm^2]", "length of the electrode along array dimension, E1-E18.");
model.param().set("i0_l", "9.14e-3[A/m^2]", "exchange current density, determined by potential sweep McAdams")
;
model.param().set("a_a", "0.099", "anodic transfer coeff., determined by potential sweep McAdams");
model.param().set("a_c", "0.378", "cathodic transfer coeff., determined by potential sweep McAdams");
model.param().set("ne", "2", "no. of electrons, determined by potential sweep McAdams");
model.param().set("temp", "298[K]", "temperature, approximate lab conditions");
model.param().set("i0_f", "1e-6[A/m^2]", "exchange current density, fitted to voltammetry by Hudak");
model.param().set("a_af", "0.29", "anodic transfer coeff, fitted to voltammetry by Hudak");
model.param().set("a_cf", "0.23", "cathodic transfer coeff, fitted to voltammetry by Hudak");
model.param().set("pw", "75e-6[s]", "pulse width, s");
model.param()
.set("polarity", "1", "determines the direction of the current pulse, either positive or negative 1,
depends on the direction surface normal vectors.");
model.param().set("ELENG", "(2*area)/(pi*DARR)", "Width of electrode pads along the array dimension");
model.param().set("ERAD", "sqrt(area/pi)", "Radius of the disc electrode");
model.param().set("amps", "area*ChargeDensity/pw", "Amplitude of the current pulse with pulse width, pw");
model.modelNode().create("mod1");
model.modelNode("mod1").label("Model 1");
model.modelNode("mod1").defineLocalCoord(false);
model.file().clear();
// Create analytical functions which are evaluated during solution
model.func().create("an6", "Analytic");
model.func().create("an5", "Analytic");
model.func().create("an3", "Analytic");
model.func("an6").model("mod1");
model.func("an6").set("args", new String[]{"t"});
model.func("an6").set("argunit", "s");
model.func("an6").set("expr", "(1.57)*t^(0.91)/(gamma(1.91))");
model.func("an6").set("plotargs", new String[][]{{"t", "0", "25e-6"}});
model.func("an6").set("funcname", "cpe");
model.func("an6").set("fununit", "ohm*m^2");
model.func("an5").model("mod1");
model.func("an5").active(false);
model.func("an5").set("args", new String[]{"overpot"});
model.func("an5").set("argunit", "V");
model.func("an5")
.set("expr", "(i0_l*(exp((a_a*ne*F_const*overpot)/(R_const*temp))-exp((-a_c*ne*F_const*overpot)/(R_const*
temp))))");
model.func("an5").set("plotargs", new String[][]{{"overpot", "0", "1"}});
model.func("an5").set("funcname", "bv1");
model.func("an5").set("fununit", "A/m^2");
model.func("an3").model("mod1");
model.func("an3").set("args", new String[]{"overpot"});
model.func("an3").set("argunit", "V");
model.func("an3")
.set("expr", "(i0_f*(exp((a_af*ne*F_const*overpot)/(R_const*temp))-exp((-a_cf*ne*F_const*overpot)/(
R_const*temp))))");
model.func("an3").set("plotargs", new String[][]{{"overpot", "0", "1"}});
model.func("an3").set("funcname", "bv2");
model.func("an3").set("fununit", "A/m^2");
// Create the geometry
model.geom().create("geom1", 3);
model.mesh().create("mesh1", "geom1");
model.geom("geom1").create("cyl3", "Cylinder");
model.geom("geom1").feature("cyl3").label("CarrierL");
model.geom("geom1").feature("cyl3").set("r", "DARR/2 + recess");
model.geom("geom1").feature("cyl3").set("axis", new String[]{"1", "0", "0"});
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model.geom("geom1").feature("cyl3").set("pos", new String[]{"-LENG/2", "0", "0"});
model.geom("geom1").feature("cyl3").set("layerside", false);
model.geom("geom1").feature("cyl3").set("h", "LENG/2-ELENG/2");
model.geom("geom1").create("cyl4", "Cylinder");
model.geom("geom1").feature("cyl4").label("Electrode");
model.geom("geom1").feature("cyl4").set("r", "DARR/2 + recess");
model.geom("geom1").feature("cyl4").setIndex("layer", "recess", 0);
model.geom("geom1").feature("cyl4").set("axis", new String[]{"1", "0", "0"});
model.geom("geom1").feature("cyl4").set("pos", new String[]{"-ELENG/2", "0", "0"});
model.geom("geom1").feature("cyl4").set("layername", new String[]{"Layer 1"});
model.geom("geom1").feature("cyl4").set("h", "ELENG");
model.geom("geom1").create("cyl7", "Cylinder");
model.geom("geom1").feature("cyl7").label("CarrierR");
model.geom("geom1").feature("cyl7").set("r", "DARR/2 + recess");
model.geom("geom1").feature("cyl7").set("axis", new String[]{"1", "0", "0"});
model.geom("geom1").feature("cyl7").set("pos", new String[]{"ELENG/2", "0", "0"});
model.geom("geom1").feature("cyl7").set("layerside", false);
model.geom("geom1").feature("cyl7").set("h", "LENG/2-ELENG/2");
model.geom("geom1").create("cyl6", "Cylinder");
model.geom("geom1").feature("cyl6").label("Electrode 1");
model.geom("geom1").feature("cyl6").set("r", "DARR/2 - ETH");
model.geom("geom1").feature("cyl6").set("axis", new String[]{"1", "0", "0"});
model.geom("geom1").feature("cyl6").set("pos", new String[]{"-ELENG/2", "0", "0"});
model.geom("geom1").feature("cyl6").set("layerside", false);
model.geom("geom1").feature("cyl6").set("h", "ELENG");
model.geom("geom1").create("wp1", "WorkPlane");
model.geom("geom1").feature("wp1").label("Electrode Splitter");
model.geom("geom1").feature("wp1").set("unite", "on");
model.geom("geom1").feature("wp1").set("quickplane", "xz");
model.geom("geom1").create("par1", "Partition");
model.geom("geom1").feature("par1").label("Half-Band");
model.geom("geom1").feature("par1").set("partitionwith", "workplane");
model.geom("geom1").feature("par1").selection("input").set(new String[]{"cyl4"});
model.geom("geom1").create("del1", "Delete");
model.geom("geom1").feature("del1").selection("input").init(3);
model.geom("geom1").feature("del1").selection("input").set("par1(1)", new int[]{1, 2});
model.geom("geom1").create("cyl1", "Cylinder");
model.geom("geom1").feature("cyl1").label("Scala");
model.geom("geom1").feature("cyl1").set("r", "DCYL/2");
model.geom("geom1").feature("cyl1").set("axis", new String[]{"1", "0", "0"});
model.geom("geom1").feature("cyl1").set("pos", new String[]{"-LENG/2", "0", "0"});
model.geom("geom1").feature("cyl1").set("h", "LENG");
model.geom("geom1").create("blk2", "Block");
model.geom("geom1").feature("blk2").label("Symmetry Block1");
model.geom("geom1").feature("blk2").set("size", new String[]{"0.01", "0.01", "0.01"});
model.geom("geom1").feature("blk2").set("pos", new String[]{"-0.005", "0", "0"});
model.geom("geom1").feature("blk2").set("base", "center");
model.geom("geom1").create("blk3", "Block");
model.geom("geom1").feature("blk3").label("Symmetry Block 2");
model.geom("geom1").feature("blk3").set("size", new String[]{"0.01", "0.01", "0.01"});
model.geom("geom1").feature("blk3").set("pos", new String[]{"0", "0", "-0.005"});
model.geom("geom1").feature("blk3").set("base", "center");
model.geom("geom1").create("dif1", "Difference");
model.geom("geom1").feature("dif1").label("Symmetry");
model.geom("geom1").feature("dif1").set("repairtol", "1.0E-9");
model.geom("geom1").feature("dif1").selection("input").set(new String[]{"cyl1", "cyl3", "cyl6", "cyl7", "del1"
});
model.geom("geom1").feature("dif1").selection("input2").set(new String[]{"blk2", "blk3"});
model.geom("geom1").feature("fin").set("repairtol", "1.0E-9");
model.geom("geom1").run();
model.geom("geom1").run("del1");
// Make overpotential on the electrode surface a variable
model.variable().create("var1");
model.variable("var1").model("mod1");
model.variable("var1").set("overpot", "ec.dV");
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model.variable("var1").selection().geom("geom1", 2);
model.variable("var1").selection().set(new int[]{6});
// Assign material properties
model.material().create("mat1", "Common", "mod1");
model.material().create("mat2", "Common", "mod1");
model.material().create("mat3", "Common", "mod1");
model.material("mat1").selection().set(new int[]{2});
model.material("mat2").selection().set(new int[]{1, 6});
model.material("mat3").selection().set(new int[]{3, 4, 5, 6, 7});
model.material("mat1").label("Electrode");
model.material("mat1").propertyGroup("def")
.set("electricconductivity", new String[]{"94.35e5", "0", "0", "0", "94.35e5", "0", "0", "0", "94.35e5"});
model.material("mat1").propertyGroup("def")
.set("relpermittivity", new String[]{"1", "0", "0", "0", "1", "0", "0", "0", "1"});
model.material("mat2").label("Electrolyte");
model.material("mat2").propertyGroup("def")
.set("electricconductivity", new String[]{"1.4", "0", "0", "0", "1.4", "0", "0", "0", "1.4"});
model.material("mat2").propertyGroup("def")
.set("relpermittivity", new String[]{"78", "0", "0", "0", "78", "0", "0", "0", "78"});
model.material("mat3").label("Insulator");
model.material("mat3").propertyGroup("def")
.set("electricconductivity", new String[]{"1e-14", "0", "0", "0", "1e-14", "0", "0", "0", "1e-14"});
model.material("mat3").propertyGroup("def")
.set("relpermittivity", new String[]{"4.2", "0", "0", "0", "4.2", "0", "0", "0", "4.2"});
// Set physics and boundary conditions
model.physics().create("ec", "ConductiveMedia", "geom1");
model.physics("ec").create("term1", "Terminal", 2);
model.physics("ec").feature("term1").selection().set(new int[]{9});
model.physics("ec").create("ci1", "ContactImpedance", 2);
model.physics("ec").feature("ci1").selection().set(new int[]{6});
model.physics("ec").create("init2", "init", 3);
model.physics("ec").feature("init2").selection().set(new int[]{2});
model.physics("ec").create("gnd1", "Ground", 2);
model.physics("ec").feature("gnd1").selection().set(new int[]{33});
model.physics("ec").create("ein2", "ElectricInsulation", 2);
model.physics("ec").feature("ein2").selection().set(new int[]{4, 14, 27});
model.probe().create("var1", "GlobalVariable");
model.probe("var1").model("mod1");
model.view("view1").label("Side");
model.view("view1").set("renderwireframe", true);
model.view("view1").set("locked", true);
model.view("view1").set("showgrid", false);
model.view("view1").hideObjects("hide1").init(3);
model.view("view5").label("View 5");
model.view("view5").axis().set("xmin", "0");
model.view("view5").axis().set("ymin", "0");
model.physics("ec").prop("ShapeProperty").set("frame", "material");
model.physics("ec").feature("cucn1").set("materialType", "solid");
model.physics("ec").feature("cucn1").set("minput_strainreferencetemperature", "0");
model.physics("ec").feature("term1").set("I0", "polarity*amps/4");
model.physics("ec").feature("ci1").set("spec_type", "surfimp");
model.physics("ec").feature("ci1").set("rhos", "((1/cpe(t))+(bv2(overpot)/overpot))^-1");
model.physics("ec").feature("init2").set("V", "-0.001");
// Mesh settings
model.mesh("mesh1").create("ftet1", "FreeTet");
model.mesh("mesh1").feature("ftet1").create("size1", "Size");
model.mesh("mesh1").feature("ftet1").feature("size1").selection().geom("geom1", 2);
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model.mesh("mesh1").feature("ftet1").feature("size1").selection().set(new int[]{6});
model.mesh("mesh1").feature("size").set("hauto", 1);
model.mesh("mesh1").feature("size").set("custom", "on");
model.mesh("mesh1").feature("size").set("hnarrow", "0.5");
model.mesh("mesh1").feature("size").set("hgrad", "1.2");
model.mesh("mesh1").feature("size").set("hcurve", "0.6");
model.mesh("mesh1").feature("size").set("hmin", "1E-9");
model.mesh("mesh1").feature("ftet1").feature("size1").set("hauto", 1);
model.mesh("mesh1").feature("ftet1").feature("size1").set("custom", "on");
model.mesh("mesh1").feature("ftet1").feature("size1").set("hgradactive", true);
model.mesh("mesh1").feature("ftet1").feature("size1").set("hminactive", true);
model.mesh("mesh1").feature("ftet1").feature("size1").set("table", "cfd");
model.mesh("mesh1").feature("ftet1").feature("size1").set("hmaxactive", true);
model.mesh("mesh1").feature("ftet1").feature("size1").set("hmin", "1e-9");
model.mesh("mesh1").feature("ftet1").feature("size1").set("hmax", "ELENG/60");
model.mesh("mesh1").feature("ftet1").feature("size1").set("hcurveactive", false);
model.mesh("mesh1").feature("ftet1").feature("size1").set("hnarrowactive", false);
model.mesh("mesh1").feature("ftet1").feature("size1").set("hgrad", "1.3");
model.mesh("mesh1").run();
// Simulation and solver setup
model.probe("var1").set("window", "window1");
model.probe("var1").set("expr", "ec.V0_1");
model.probe("var1").set("unit", "V");
model.probe("var1").set("descr", "Terminal voltage");
model.study().create("std2");
model.study("std2").create("param", "Parametric");
model.study("std2").create("time", "Transient");
model.sol().create("sol1");
model.sol("sol1").study("std2");
model.sol("sol1").attach("std2");
model.sol("sol1").create("st1", "StudyStep");
model.sol("sol1").create("v1", "Variables");
model.sol("sol1").create("t1", "Time");
model.sol("sol1").feature("t1").create("fc1", "FullyCoupled");
model.study("std2").feature("time").set("initstudyhide", "on");
model.study("std2").feature("time").set("initsolhide", "on");
model.study("std2").feature("time").set("solnumhide", "on");
model.study("std2").feature("time").set("notstudyhide", "on");
model.study("std2").feature("time").set("notsolhide", "on");
model.study("std2").feature("time").set("notsolnumhide", "on");
model.batch().create("p1", "Parametric");
model.batch().create("b1", "Batch");
model.batch("p1").create("so1", "Solutionseq");
model.batch("p1").create("saDef", "Save");
model.batch("b1").create("jo1", "Jobseq");
model.batch("p1").study("std2");
model.batch("b1").study("std2");
model.study("std2").label("Study 1");
model.study("std2").feature("param").set("pname", new String[]{"area", "polarity", "ChargeDensity", "recess"})
;
model.study("std2").feature("param").set("keepsol", "last");
model.study("std2").feature("param")
.set("filename", "C:\\Users\\Andrian\\Desktop\\HalfBandRecess\\Symmetric\\HalfBandSymmetric.mph");
model.study("std2").feature("param").set("probesel", "none");
model.study("std2").feature("param")
.set("plistarr", new String[]{"0.0785 [mm^2] 0.1571[mm^2] 0.2356[mm^2] 0.3142[mm^2]", "1 -1", "16[uC/cm
^2]", "0.015[mm] 0.02[mm] 0.04[mm] 0.06[mm]"});
model.study("std2").feature("param").set("sweeptype", "filled");
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model.study("std2").feature("param").set("punit", new String[]{"", "", "", ""});
model.study("std2").feature("param").set("save", "on");
model.study("std2").feature("time").set("tlist", "range(1e-10,0.5e-6,pw)");
model.study("std2").feature("time").set("rtol", "1e-3");
model.study("std2").feature("time").set("rtolactive", true);
model.sol("sol1").attach("std2");
model.sol("sol1").label("Solver 1");
model.sol("sol1").feature("st1").label("Compile Equations: Time Dependent {time}");
model.sol("sol1").feature("t1").set("tlist", "range(1e-10,0.5e-6,pw)");
model.sol("sol1").feature("t1").set("fieldselection", "mod1_ec_term1_V0_ode");
model.sol("sol1").feature("t1").set("bwinitstepfrac", "0.0010");
model.sol("sol1").feature("t1").set("eventtol", "0.0001");
model.sol("sol1").feature("t1").set("solfile", false);
model.sol("sol1").feature("t1").set("initialstepbdf", "0.0010");
model.sol("sol1").feature("t1").set("control", "user");
model.sol("sol1").feature("t1").set("atolglobal", "0.000010");
model.sol("sol1").feature("t1").set("rtol", "1e-3");
model.sol("sol1").feature("t1").feature("dDef").active(true);
model.sol("sol1").feature("t1").feature("dDef").set("pardmtsolve", true);
model.sol("sol1").feature("t1").feature("dDef").set("pivotstrategy", true);
model.sol("sol1").feature("t1").feature("dDef").set("errorchk", "off");
model.sol("sol1").feature("t1").feature("dDef").set("linsolver", "pardiso");
model.sol("sol1").feature("t1").feature("aDef").set("convinfo", "detailed");
model.sol("sol1").feature("t1").feature("i1").set("linsolver", "cg");
model.sol("sol1").feature("t1").feature("i1").feature("mg1").set("prefun", "amg");
model.batch("p1").label("Parametric 1");
model.batch("p1").set("probesel", "none");
model.batch("p1").set("punit", new String[]{"", "", "", ""});
model.batch("p1").set("err", true);
model.batch("p1").set("sweeptype", "filled");
model.batch("p1")
.set("plistarr", new String[]{"0.0785 [mm^2] 0.1571[mm^2] 0.2356[mm^2] 0.3142[mm^2]", "1 -1", "16[uC/cm
^2]", "0.015[mm] 0.02[mm] 0.04[mm] 0.06[mm]"});
model.batch("p1").set("pname", new String[]{"area", "polarity", "ChargeDensity", "recess"});
model.batch("p1").set("control", "param");
model.batch("p1").feature("so1").label("Solver 1");
model.batch("p1").feature("so1")
.set("param", new String[]{"\"ELENG\",\"1e-4\",\"polarity\",\"1\"", "\"ELENG\",\"1e-4\",\"polarity
\",\"-1\"", "\"ELENG\",\"2e-4\",\"polarity\",\"1\"", "\"ELENG\",\"2e-4\",\"polarity\",\"-1\"", "\"
ELENG\",\"3e-4\",\"polarity\",\"1\"", "\"ELENG\",\"3e-4\",\"polarity\",\"-1\"", "\"ELENG\",\"4e
-4\",\"polarity\",\"1\"", "\"ELENG\",\"4e-4\",\"polarity\",\"-1\""});
model.batch("p1").feature("so1").set("seq", "sol1");
model.batch("p1").attach("std2");
model.batch("p1").run();
model.batch("b1").feature("jo1").label("Job 1");
model.batch("b1").run();
model.result().dataset().remove("dset1");
model.result().remove("pg1");
return model;
}
public static void main(String[] args) {
run();
}
}
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MATLAB code
This appendix contains MATLAB code used to calculate the irreversible charge from
exported COMSOL results. A more comprehensive set of MATLAB code used to calculate
the distribution metrics can be found in the following repository:
https://github.com/riverol/modelling-ci-safety
%% This is the script that is used to calculate the DC from the irreversible current measurements from COMSOL.
% You can use the first parts of the script to automate the reading of a
% whole bunch of csv files that are numbered sequentially.
% Custom functions used: fimport.
% Ensure these are in your path or folder.
clear;
clc;
%% Inputting the data and organising the variables.
% The following variables are not needed because they don't vary in this set of analyses.
% Polarities = [1];
% Offsets = [0,1e-4,2e-4,3e-4,4e-4,5e-4,6e-4,7e-4];
% STConds = [0.2,0.4,0.6,1.4];
ChargeDensities = [8 16 32 64];
Areas = [0.0785 0.1571 0.2356 0.31416];
TimeVector = (0:0.5:74.5)';
PulseWidth = max(TimeVector);
MaxFileNumber = input('What is the max file number? ');
VariablePrefix = 'FaradaicIntegration';
%% Reading in the IrreversibleCurrent files.
for i = 1:MaxFileNumber;
tic
SolutionNumber = num2str(i);
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VariableName = strcat(VariablePrefix,SolutionNumber);
Filename = strcat(VariablePrefix,SolutionNumber,'.csv');
IrrVariableName = strcat('Iirr_',SolutionNumber);
IrreversibleCurrent=fimport(Filename);
eval([IrrVariableName, '= IrreversibleCurrent;'])
clear SolutionNumber;
clear VariableName;
clear Filename;
clear IrrVariableName;
clear IrreversibleCurrent;
toc
end
%% Build solution length vectors
tic
SolutionNumber = 1;
for j = 1:length(Areas);
Area = Areas(j);
for k = 1:length(ChargeDensities);
ChargeDensity = ChargeDensities(k);
AreaVector(SolutionNumber) = Area;
ChargeDensityVector(SolutionNumber) = ChargeDensity;
SolutionNumber = SolutionNumber + 1;
end
end
clear SolutionNumber;
clear ElectrodeArea;
clear Polarity;
clear CurrentAmplitude;
%% Calculating the DC values by integration
for n = 1:MaxFileNumber;
SolutionNumber = num2str(n);
VariableName = strcat(VariablePrefix,SolutionNumber);
IrrVariableName = strcat('Iirr_',SolutionNumber);
DCVariableName = strcat('DC_',SolutionNumber);
DCDensityVariableName = strcat('DCDensity_',SolutionNumber);
% Integrating under the irreversible current curve (trapz) and dividing by the pulse width.
eval([DCVariableName,' = abs(trapz(',IrrVariableName,',(TimeVector*1e-6)));']);
eval([DCDensityVariableName,' = ',DCVariableName,'/AreaVector(n);']);
clear SolutionNumber;
clear VariableName;
clear IrrVariableName;
clear JirrVariableName;
end
%% Setting up header for CSV file.
DCDataHeader = 'PulseWidth';
DCDensityDataHeader = 'PulseWidth';
for b = 1:MaxFileNumber;
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VariableIndex = num2str(b);
VariableName = strcat(VariablePrefix,VariableIndex);
DCVariableName = strcat('DC_',VariableIndex);
DCDataHeader = strcat(DCDataHeader,',',DCVariableName);
DCDensityVariableName = strcat('DCDensity_',VariableIndex);
DCDensityDataHeader = strcat(DCDensityDataHeader,',',DCDensityVariableName);
end
% DCDataHeader now contains all the variable names of the data that are
% required to be put into TotalStDevData
eval(['DCData = cat(2,',DCDataHeader,');']);
eval(['DCDensityData = cat(2,',DCDensityDataHeader,');']);
DCDataHeader = regexprep(DCDataHeader,',','\n');
DCDensityDataHeader = regexprep(DCDensityDataHeader,',','\n');
fid = fopen('DCData.csv','w');
fprintf(fid,'%s \r\n',DCDataHeader);
fclose(fid);
fid = fopen('DCDensityData.csv','w');
fprintf(fid,'%s \r\n',DCDensityDataHeader);
fclose(fid);
dlmwrite('DC.csv',DCData,'delimiter','\n','precision',16);
dlmwrite('DCDensity.csv',DCDensityData,'delimiter','\n','precision',16);
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